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ABSTRACT 
Full Name:        Minaam Mehmood Hussaini Mufti 
Thesis Title:    Treatment Of Aqueous Selenocyanate Using Combined TiO2 MgAl LDH                      
Photocatalysis 
Major Field:      Civil Engineering 
Date of Degree : April 2020 
MgAl-NO3-LDH-TiO2 matrix was employed for the removal of selenocyanate 
using UV assisted photocatalytic degradation process (PCD). In addition, the 
competitive removal of selenite, selenate and selenocyanate using MgAl-NO3-LDH 
was also studied. For the competitive study, the effect of calcination temperature, 
adsorbent dosage and initial concentrations of selenite, selenate and selenocyanate 
on the removal efficiencies of selenite, selenate and selenocyanate was studied. For 
the PCD study, the effect of LDH:TiO2 ratio, adsorbent dosage and initial 
selenocyanate concentration on the selenocyanate removal efficiency was 
examined. This study successfully demonstrated the removal of selenium species 
from synthetic wastewaters and particularly selenocyanate using PCD. The 
adsorption removal findings for selenite and selenate showed near complete 
removal whereas the removal was around 40% for selenocyanate and the maximum 
adsorption capacity was 8 mg/g for selenite, 7.7 mg/g for selenate and 1.4 mg/g for 
selenocyanate according to the Langmuir model. The kinetic study revealed that 
selenite and selenate followed pseudo 2nd order kinetics whereas selenocyanate 
followed pseudo 1st order kinetics. For the PCD study, the maximum removal 
xix 
 
efficiency achieved was 100% for LDH:TiO2 ratio of 1.5 and a dosage of 2 g/L. 
Both the adsorption experiments and the PCD study demonstrate the successful 
removal of selenium species from synthetic wastewater. The PCD process using 
TiO2 modified LDH matrix has the additional advantage of being capable of 
removing SeCN-, which showed low removal for the adsorption process, and as 
such is a promising technique in combating the selenocyanate contamination of 
wastewaters.  
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 ملخص الرسالة 
 
 
 مينام محمود حسيني مفتي  الاسم الكامل:
 
 المشترك  OiT2 HDL lAgMمعالجة السيليوسيانات المائية باستخدام التحفيز الضوئي  عنوان الرسالة:
 
 المدنية الھندسة التخصص:
 م  0202ربل اب: تاريخ الدرجة العلمية
خدام  الاشعة ص  من  مادة  السيلنوسيانات  بإستتم  استخدامھا  في  عملية  التخل  lAgM-ON3-HDL-OiT2 مصفوفة 
الى  دراسة  التخلص  من   ).  بالاضافةDCP)  كعنصر  مساعد  في  عملية  التحفيز  الضوئي  (VUالفوق  بنفسجية  (
. عملية  lAgM-ON3-HDLالسيلنيت, والسيلينات, و السيلنوسيانات مع بعض في عملية تخلص تنافسية باستخدام 
), الجرعات المختلفة من المادة الممتزة, noitaniclacراسة تأثير درجة حرارة التكلس (التخلص االتنافسية تمت بد
سلنيوم المختلفة انفة الذكر على كفاءة التخلص. أما بالنسبة لعملية التحفيز الضوئي فقد والتراكيز الابتدائية لانواع ال
على  الابتدائية لمادة السيلنوسيانات ,لتراكيز, جرعات المادة الممتزة, واOiT:HDL2 تمت بدراسة تأثير كل من نسبة 
المختلفة  انفة  الذكر من  مياه  الصرف   مالسلينيوكفاءة  التخلص.  هذه  الدراسة  اثبتت  نجاحھا  في  التخلص من  انواع  
الصحي المصنعة وبالتحديد اثبتت فعاليتھا بالتخلص من السيلنوسيانات باستخدام عملية التمثيل الضوئي. بلغت كفاءة 
٪ للسيلينوسيانات وكان 78.93٪ للسيلينات و 93.99للسيلينيت ، و ٪ 58.79الة القصوى في الدراسة التنافسية الإز
ملجم / جم للسيلينوسيانات  4.1ملجم / جم للسيلينات و  7.7ملجم / جم للسيلينيت ،  8الحد الأقصى لقدرة الامتزاز 
 oduesp) أن السيلنيت والسيلينات يتبعان scitenik. أوضحت الدراسة الحركية ( riumgnaL ledomوفقًا 
، كانت كفاءة الإزالة القصوى DCP. بالنسبة لدراسة redro ts1 oduespبينما يتبع السيلنوسيانات  redro dn2
 DCPجم / لتر. أظھرت كل من تجارب الامتزاز ودراسة  2وجرعة  5.1تبلغ  OiT :HDL2٪ لنسبة 001المحققة 
التي تستخدم  DCPحي المصنعة. أظھرت عملية من مياه الصرف الصع السيلينيوم المختلفة نجاحھما في ازالة أنوا
، والتي أظھرت إزالة منخفضة لعملية NCeS-ميزة إضافية وهي القدرة على إزالة  OiT2المعدلة  HDLمصفوفة 
  .الامتزاز، وبالتالي فھي تقنية واعدة في مكافحة تلوث السيلنوسيانات لمياه الصرف الصحي
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CHAPTER 1  
INTRODUCTION 
1.1 Background 
Water although present abundantly on the Earth, majority of it is saline (97%) and the 
remaining is freshwater (3%). Among the sources of freshwater about 1% only is present 
as surface water in the form of rivers and lakes [1]. Over the years as a result of over 
contamination of surface water from the ever growing industries, more efficient and 
economic treatments are required to make the effluent waters safe before disposal into the 
natural waters [2]–[4].  
Selenium is a micronutrient required by the human body, but relatively small margins exist 
between its deficiency and toxicity. Serious ecological concerns can result from its 
significant exposure [5]. Deficiency of selenium in the human body can result in heart and 
keshan diseases leading to decrease in the immunity whereas taking more than 400 ug/day 
of selenium can cause selenosis and in extreme case can result in death from respiratory 
depression [6], [7]. The EPA regulations recommend total selenium levels to be not more 
than 50 ppb in public water supplies and the FDA regulations for bottled water are the 
same. The U.S. Department of Agriculture recommended RDA for selenium is 55 ug/day 
(0.8 ug/kg/day) [8], whereas a drinking water limit of 40 ug/L and an upper tolerable limit 
of 400 ug/day for adults has been recommended by the WHO [9], [10]. Natural selenium 
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occurs mostly as selenate (SeO4
2), selenite (SeO3
2-), selenium (Se0) and selenide (Se2-) [11]. 
The discharge of selenium into the natural environment occurs mainly due to fossil fuel 
extractions, coal combustion, mining activities, power plant and oil refinery discharges, 
industrial effluents of pigment, semiconductors, glass production etc. [12]. Another 
dominant species of selenium, selenocyanate (SeCN-), is released specifically with 
industrial effluents from power plants employing fossil fuels, mining and petroleum 
refineries [13]. A study by Burra et al. [14] demonstrate that the toxicity of selenocyanate 
is comparable to selenite and selenate. Various methods have been used for the removal of 
selenium from wastewaters such as membrane separation [15], biosorption [16], adsorption 
[2], phytoremediation [17], electrocoagulation [18], oxidation/reduction [19], coagulation 
and flocculation [20] and ion exchange [21]. However, there are concerns such as 
formation of high sludge volumes in case of coagulation-based systems, frequent 
regeneration of ion exchange resins, etc. Hence, considering the respective selenium 
toxicity issues and limitations with the available technologies, there is a need to develop 
better systems to treat selenocyanate.  
Recently, modification of LDH with TiO2, was  noted to enhance the photocatalytic 
activity/degradation of pollutants through their mutual interaction [22] and thus several 
studies have reported the use of LDH modified by TiO2 [22]–[25]. However, there has been 
no study to date, to the best of our knowledge, on the removal of selenocyanate either by 
adsorption using LDH or photocatalytic removal using modified LDH. Also, the 
photocatalytic degradation of selenocyanate was noted to form selenite and selenate [26]. 
Studies have also shown that LDH displays excellent adsorption of selenite and selenate 
[9], [27]. Hence in a combined TiO2 photocatalysis LDH system, the selenite and selenate 
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resulting from selenocyanate degradation can be picked up efficiently by LDH present in 
the aqueous system. Thus, TiO2 modified LDH has the potential to efficiently remove 
selenocyanate and total selenium from the wastewater systems. The present study will 
explore this research subject in detail InshaAllah.  
 
 
  
4 
 
CHAPTER 2  
LITERATURE REVIEW 
2.1 Layered Double Hydroxides (LDH)  
Layered Double hydroxides (LDH) are hydrotalcite (naturally occurring Mg-Al-CO3 
mineral) like substances that have brucite (Mg(OH)2) like structure and display anion 
exchange capability as compared to cation exchange properties of clays and hence are also 
known as anionic clays [28], [29]. In these layered materials, a portion of the divalent metal 
ions (e.g. Mg) have been substituted by trivalent or tetravalent or both ions giving the 
structure a net positive charge which is balanced by the anions in the interlayer space [22], 
[24], [30]. In these materials, the layers of metal hydroxides are placed one over the other 
and the interlayer space is occupied by water molecules and anions as shown in Figure 2.1. 
Figure 2.2 illustrates the structure of the LDH layer along with the notations used for the 
different spacings in the LDH material. These materials have received considerable 
attention as a result of their potential use in adsorption, catalysis, drug delivery, 
photocatalysis, etc. [31]. These materials have the general formula [M2+(1−X) M
3+
(X) 
(OH)2]
X+(An−)X/n.mH2O] where M
2+ and M3+ represent the divalent and trivalent metal 
cations respectively, and can be any of Mg2+, Cu2+, Ni2+,Zn2+, Fe3+, Al3+ ,Sn4+, Ti4+ etc. , An- 
represents the interlayer anion and can be almost any organic or inorganic anion [32], [33]. 
X is the molar ratio 
M3+
M2++M3+
 and ranges from 0.2 to 0.33 [34]. As a result of weak interlayer 
bonding, these materials show excellent affinity towards inorganic anions and 
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comparatively lesser for organic anions [35], [36]. The lesser affinity towards organic 
anions results due to aggregation of LDH crystals and strong hydrophilic nature of brucite-
like layers [36]. Researchers have attempted to overcome these shortcomings by 
introducing organic phases like surfactants in the interlayer region of LDH layers, and 
synthesizing composite materials like Fe3O4-LDH composites which displayed high 
efficiency towards organic dyes [36], [37]. 
 
 
Figure 2.1 Structure of LDH forming hexagonal sheet  
[23] 
Figure 2.2 Layered structure of LDH [32] 
 
An important property of layered double hydroxides is their basic nature and strong 
buffering property [38], [39]. The basic nature of the layered double hydroxides is due to 
the presence of hydroxide groups both on the surface as well as the interlayer space [40], 
[41]. H. Liu et al. [42] based on their DFT (density functional theory) model study suggest 
that the basic nature of LDH also depends on the type of intercalated anion in the interlayer 
space. Table 2-1 shows the final pH values obtained in various studies employing LDH as 
an adsorbent material. As noted, the final pH values are in the basic range due to the basic 
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buffering capacity of LDH. Moreover, the calcined LDH have been reported to show 
enhanced basic property resulting from the presence of O2- basic sites [43]. The basic 
property of LDH is hampered below pH 4 as  the LDH materials are not stable below pH 
4 due to attack by H+ ions which leads to the collapse of the hydrotalcite structure and 
dissolution of the LDH into the solution [44]. 
Table 2-1 Basic nature of LDH (final pH values) 
LDH Calcination Pollutant Initial pH Final pH Reference 
TiO2/MgZn
Al 
Mixed 
oxides 
500°C (4h) Phenol 5.2 9.7 (after 
30min) 
10.6 (after 
360min) 
[22] 
MgZnAl 550°C (5h) DPA 3 9 (60min) [45] 
MgAl *** Selenite 2-12 4-12 [46] 
MgAl/ZnAl
/ZnFe 
*** Selenite 1.9-10.6 6-8.7 [47] 
MgFeCO3
2-, 
MgFeSO4
2-, 
MgAlCO3
2-, 
and 
MgAlSO4
2- 
*** Arsenate 
Molybedate 
Selenate 
9.5-10.5 
(6,8,10 
adjusted) 
9.5-10.5 [39] 
MgAl 500°C  RWW 
 (S, Se, As, 
Zn, P, Cu) 
8 9 [48] 
 
2.2 Synthesis of LDH 
Broadly, the main synthesis methods can be classified into a) Coprecipitation b) Anion-
exchange, and c) Reconstruction [49]. Other methods have also been used for synthesizing 
layered double hydroxides, e.g., urea hydrolysis, sol-gel etc. Recently Layered double 
hydroxides also have been prepared by the electrocoagulation method [50]. Among these 
methods, coprecipitation has been reported to be the best method as it offers control on 
several synthesis parameters in the precipitation process [33].  
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In a typical coprecipitation method, salts of M2+ and M3+ ions are mixed in fixed 
proportions (M2+:M3 = 2:1-4:1) in deionized water at constant pH, generally 10 + 1, 
maintained by controlled addition of NaOH solution. After the addition of salts, the 
precipitates are either aged at temperatures ranging from 0-1000C or hydrothermally treated 
in an autoclave at pressures between 10 to 150 MPa for increasing the yield and 
crystallinity of the layered hydroxides [51], [52]. The precipitates are then washed with 
deionized water and dried either in oven at a temperature of about 900C or at ambient 
temperature. It is necessary to carry out the coprecipitation at supersaturation for which the 
pH should be higher than or equal to the saturation value, at which the soluble hydroxides 
of the added salts precipitates [29].  
In the anion exchange method, the LDH prepared by coprecipitation method is used as a 
precursor and the target anion is added in excess to the LDH suspension resulting in the 
replacement of the intercalated anion with the target anion [49]. Generally, in this method 
nitrate or chloride salts are used as the exchange is easier with these anions, e.g. , the 
selectivity of anions by MgAl-LDH is reported as PO4
3− > CO3
2− > SO4
2− > OH− > F− > 
Cl− > Br− > NO3
− > I− [42], [53]–[55].  
In the reconstruction method, a special property known as the “memory effect” of LDH is 
employed by which the calcined LDH matrix returns to its original structure after 
rehydration as shown in Figure 2.3. 
8 
 
 
Figure 2.3 Memory effect of LDH adsorbents [56]  
 Calcination leads to the removal of adsorbed water layer and the intercalated anion. 
Generally, the best calcination temperature is the one that leads to the removal of maximum 
number of intercalated anions [34]. Calcined LDH are transformed into mixed metal oxides 
by heating to high temperatures of around 450oC, leading to the removal of intercalated ion 
and collapse of the hydrotalcite structure as shown equation (2.1) [57] for the case of 
MgAlNO3 LDH.  
Mg(1−x)Alx(OH)2) (NO3)x/2    →  Mg(1−x)AlxO(1+x/2) + 
x
2
NO2 +H2O  (2.1) 
 
 
Upon being introduced into the solution of target anion, the layered structure is regained 
and the target anion is intercalated into the LDH matrix as shown in equation (2.2), along 
with the release of OH- ions [49], [58]. 
Mg(1-x)AlxO(1+x/2) + 
x
𝑛
An- + (1+x/2)H2O → Mg(1-x)Alx(OH)2A(x/n) + xOH- (2.2) 
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2.3 Pollutant removal mechanism using LDH 
There are 3 main mechanisms by which LDH materials remove a pollutant from aqueous 
phase [59]: 
• Surface Adsorption 
• Ion exchange 
• Reconstruction (memory effect) 
Surface adsorption refers to the binding of the pollutant on the surface of the adsorbent as 
a result of the positively charged LDH surface. In ion exchange, the pollutants can be 
removed both via anion exchange of the intercalated anion with the pollutant anion (Figure 
2.4) or cation exchange of the cation in the brucite layer with the cationic pollutant. For 
cation exchange the diameter of the pollutant must be similar to that of the cation inside 
the LDH brucite-like layer. Reconstruction refers to the special property of LDH materials 
and is specific with calcined LDH. Calcined LDH are transformed into mixed metal oxides 
by heating to high temperatures of around 450oC, leading to the removal of intercalated ion 
and collapse of the hydrotalcite structure as explained in section 2.2. Upon being 
introduced into the solution of target anionic pollutant, the layered structure is regained 
and the target anionic pollutant is intercalated into the LDH matrix [49]. 
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Figure 2.4 Anion exchange in LDH ( red dots represent the intercalated anion and violet eclipses represent 
the pollutant anion replacing the interlayer anion) [60] 
 
2.4 Use of LDH in Water Treatment 
Layered double hydroxides have received considerable attention for the removal of 
aqueous environmental contaminants such as oxyanions, heavy metals(e.g. Pb, Hg, Cr, 
Cd,), organic dyes, radionuclides, organic anions (e.g. phenol), inorganic anions (e.g. 
fluoride, bromide, iodide), etc. , as a result of their low cost, high efficiency, non-toxicity, 
ion-exchange capacity and high surface area [56]. A brief review of the use of LDH for the 
remediation of wastewaters is presented here.     
Mahjoubi et al. [61] investigated the removal of methyl orange (MO) using ZnAl LDH 
intercalated with four different types of anions i.e. SO4
2-, NO3
-, Cl- and CO3
2-. The 
adsorbents were prepared by coprecipitation method at constant pH. The uptake 
experiments were carried out using 20mg of each of the adsorbent in 250mL of MO 
solutions at different initial pH (2-12) and initial MO concentration (20-1000ppm). The 
maximum adsorption was obtained at a pH of 4.5 and decreased upon further increase in 
the initial pH. The authors related this to the dissociation of MO at different pH, the 
destruction of LDH at a pH of less than 4 and the competition between MO and excess OH- 
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at higher pH. The pKa of MO was stated by the authors to be 3.46 and hence at pH higher 
than 3.46, the MO will mostly be present as monovalent anion resulting in increased 
adsorption. Further increase in the pH results in increase in the competition with the OH- 
ions and hence decreases the removal. A decrease in the pH below 4 destroys the LDH 
structure, resulting in the dissolution of the adsorbent and hence decrease in the removal 
efficiency. Further, the authors report that ZnAl-SO4 LDH showing the highest adsorption 
capacity of 2758 mg/g followed by Cl (2455 mg/g), NO3 (2455 mg/g) and, CO3 (1684 
mg/g) LDH. 
Matusik and Rybka [62] studied the removal of chromate and sulphate using MgFe LDH 
and its modified forms. The authors studied the adsorption behaviour using 8 materials. 
The authors synthesised 2 different types of MgFe LDH by coprecipitation method using 
different precursors. In one form, chloride salts of Mg2+ and Fe3+ were used (MgFe-LDH) 
and in the other type MgCl2 was used in conjugation with mineral magnesite as a source 
of Fe3+ ions (MgFe-MLDH). These 2 forms were then modified with halloysite clay 
mineral sample (a kaolin rock having 60% halloysite and 40% kaolinite). These 4 
adsorbents were then calcined to give a total of 8 adsorbents. The adsorption experiments 
were conducted using single pollutant (Cr(IV) or S(IV)) or multiple pollutant systems (two 
wastewaters from Polish metallurgical plant spiked with Cr(IV) or S(IV)) rich in either Zn 
or chlorides. The single pollutant system experiments were conducted at initial 
concentrations ranging from 0.2-5.0 mmol/L for Cr(IV) and 1.0-10 mmol/L for S(IV) at an 
adsorbent dosage of 20 g/L whereas the multiple pollutant system experiments were 
conducted at 1.0 mmol/L Cr(IV) and 5.0 mmol/L S(IV) at adsorbent dosages of 20 g/L and 
40 g/L. Both experiments were equilibrated for 24hrs. The results for the single pollutant 
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systems showed that MgFe LDH, both uncalcined and calcined, synthesised from 
respective chloride salts, showed the highest removal efficiency for both Cr(IV) and S(IV), 
having completely removed the Cr(IV) at lower concentrations and reducing Cr(IV) by 
86%(uncalcined) and 91.6%(calcined) whereas the S(IV) removal decreased from 
93.4%(uncalcined) and 91.4%(calcined) at lower concentration to 45.3%(uncalcined)  and 
40.1%(calcined) at higher concentrations. MgFe-MLDH, prepared from magnesite showed 
similar removal efficiency as the former for Cr(IV) at  lower concentration but reduced 
considerably to 49.7%(uncalcined) and 65.3%(calcined) whereas the difference was more 
pronounced for S(IV) at both higher and lower concentrations. The removal efficiencies 
for the halloysite modified adsorbents were considerably lower than the unmodified LDH 
with a maximum of 80.8% for uncalcined halloysite modified MgFe-LDH. In multiple 
pollutant adsorption experiments, the authors note that the presence of elevated amounts 
of Zn did not significantly affect Cr(IV) removal in case of MgFe-LDH and MgFe-MLDH 
whereas the removal by modified forms was significantly hampered. In case of wastewater 
having high chloride content Cr(IV) removal efficiency was less for all the adsorbents with 
50% being the highest shown by uncalcined MgFe-LDH. S(IV) removal was lowered due 
to elevated Zn amounts, reaching a maximum of 53.4% for uncalcined MgFe-LDH while 
there was no removal from wastewater with elevated chloride concentrations. The authors 
attribute the low removal to elevated chloride amounts due to its competitiveness with other 
ions and its higher concentration might lead to aggregation of adsorbent particles resulting 
in decrease of specific surface area. The authors note that although the removal by 
halloysite modified forms was lower but the modification led to decrease in the final 
equilibrium pH which can facilitate its discharge or further reuse in the industry. The 
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authors also note that the modification by halloysite reduced the swelling of parent LDH 
and hence can facilitate its use as a granulated adsorbent.  
Maziarz et al. [63] studied the removal of sulphate from acid mine drainage real wastewater 
having an initial concentration of 5301 mg/L using MgAl LDH prepared from respective 
chloride salts. The authors compared the removal of sulphate using 4 different strategies 
i.e. i)by precipitation using Ca(OH)2, ii)ion exchange by MgAl LDH, iii)addition of 
Ca(OH)2 followed by MgAl LDH, and iv)addition of mechanically mixed Ca(OH)2 and 
MgAl LDH. The results showed that the mechanically prepared mixture of Ca(OH)2 and 
MgAl LDH outperformed the rest with a removal efficiency of 99.5%. Table 2-2 
summarizes their results. 
Table 2-2 Sulfate removal efficiencies 
Adsorbent Dosage Ca(OH)2 Dosage MgAl 
(mg/L) 
Maximum Removal Efficiency 
(%) 
Ca(OH)2 3 x SA
* - 85.6 
MgAl LDH - 20 64.2 
Ca(OH)2 
followed by 
MgAl 
2 x SA 
3 x SA 
5 
5 
88.4 
98.6 
Ca(OH)2 + 
MgAl 
2 x SA 5 96.7 
*SA = Stochiometric(theoretical) amount required for precipitation of sulphate as gypsum 
The mechanical mixture of Ca(OH)2 + MgAl required lesser dosage of Ca(OH)2 as 
compared to the addition of Ca(OH)2 and LDH separately. The authors also noted that the 
acidic pH of wastewater (pH<4) led to dissolution of LDH and consequently the removal 
by MgAl LDH was lower at even a higher dosage of 20mg/L. The addition of Ca(OH)2 
increased the pH considerably and hence increased the efficiency of MgAl LDH. The 
authors also note that the physical mixture of Ca(OH)2+MgAl of reduced the sludge 
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volumes and also resulted in the reduction of settling time as compared with the rest. Also, 
along with sulphur the Ca(OH)2 + MgAl mixture also resulted in the removal of some other 
heavy metals like iron (from 1116 mg/L to below detection limits) present in the 
wastewater. 
Maziarz et al. [64] studied the removal of arsenate using MgAl LDH modified by magnetic 
iron oxide (maghemite, γ-Fe2O3) nanoparticles. The pristine coprecipitated MgAl LDH 
was modified with 25wt% and 10wt% iron oxide using surface precipitation and the 
modified matrix was then calcined for 3h at 4000C. The sorption experiments were 
conducted on a) synthetic wastewater having As(V) concentrations ranging from 0.1-25 
mmol/L and b) 0.5mmol/L As(V) spiked industrial water and acid mine drainage water. 
The authors report an adsorption capacity of 1208 + 19 mmol/kg for the calcined 10% iron 
oxide modified LDH, which was found to be much higher than reported in literature for 
As(V) using magnetic nanoparticles and LDH separately. The removal efficiency was 
reported to be above 90% for all samples with the calcined adsorbents showing higher 
removal. The kinetics of the reaction were found to be very fast with equilibrium being 
reached after 0.5min for the unmodified LDH, slightly higher after 6min for both 25% and 
10% modified uncalcined LDH forms and after 10min for the calcined modified forms. In 
case of spiked wastewaters, the authors report near complete removal of As(V) for the 
modified LDH even though the low pH of acid mine water resulted in near complete 
dissolution of LDH. The high removal was attributed to the adsorption of As(V) on iron 
oxide surface. For the case of industrial wastewater, the removal efficiency was lower than 
for acid mine wastewater due to high concentrations of Vanadium which competed with 
As(V) and resulted in comparatively reduced removal of As(V) for lower dosage of 
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adsorbent. For higher dosage of calcined LDH, the removal was (99.5%). Overall, the 
authors report high removal efficiencies for As(V) using 25% iron oxide modified LDH 
with the adsorbent also being able to remove co-pollutants like Vanadium for the spiked 
real wastewaters. 
2.5 Photocatalytic Degradation Process (PCD) 
Photocatalytic degradation process (PCD) is an advanced oxidation process and has been 
successfully employed for the removal of aquatic pollutants [5], [26], [65] including  the 
reduction of heavy metals to their insoluble forms which are then removed from the waste 
water or used for the recovery of the heavy metal [66]. Figure 2.5 shows the schematic 
description of a photocatalytic process. Photocatalysis involves two basic reactions 
occurring simultaneously  
1) Oxidation due to photogenerated holes and  
2) Reduction due to photogenerated electrons [67].  
Photocatalysis is based on the use of semiconductors, which when irradiated with sufficient 
photon energy result in the promotion of an electron from the valence band to the 
conduction band leaving a positively charged hole or a vacancy behind. These holes are 
highly oxidising species and oxidise either by direct transfer of charge or through the 
generation of •OH radicals as shown in the equations (2.3) and (2.4) [65]. 
hν + Semiconductor → e- + hole (h+) (2.3) 
hole (h+) + H2O → •OH + H+ (2.4) 
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Figure 2.5: Photocatalytic Process [2] 
These •OH radicals can lead to complete mineralization of even the least reactive and 
highly persistent pollutants. These •OH radicals give the PCD process an edge over other 
removal techniques. Another advantage of the PCD process is that it generates minimum 
waste by-products, employs reusable and nontoxic photocatalysts and works on low 
temperatures [5]. Photocatalytic materials convert solar energy into chemical energy which 
is used to reduce and oxidise materials/pollutants [68].  
Among the different photocatalysts studied, TiO2 has received considerable attention due 
to its low cost, abundant availability, stable and non-toxic nature [69]. However, TiO2 has 
a wide band gap and hence can only be activated by near UV radiation and also the easy 
recombination of the electron-hole pairs leads to low quantum yields [66]. As a result, 
several modifications have been used for overcoming these disadvantages such as nafion 
and silica modified TiO2 [70], nano-Ag particles loaded TiO2 [66], Graphene Oxide 
modified TiO2 [71], Sepiolite modified TiO2 [72], Red Phosphorous modified TiO2 [73] 
etc. These modifications improve the photocatalytic performance of TiO2 by narrowing the 
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band gap, preventing the recombination of electrons and holes and enabling better 
adsorption of reactants on TiO2 surface [66]. The speciation of TiO2 surface under acidic 
and basic conditions is generally represented by equation (2.5) and (2.6) respectively and 
shown in Figure 2.6:  
Ti-OH2
+ ↔ Ti-OH + H+ (2.5) 
Ti-OH ↔ Ti-O- + H+ (2.6) 
 
  
Figure 2.6 TiO2 speciation diagram [2] 
The exposure of TiO2 particles to the UV radiation  leads to the excitation and transfer of 
valence band electrons to the conduction band which results in the formation of a positive 
charge or hole in the valence band as represented in equation (2.7) [13]. 
TiO2 + hv → h+ + e- (2.7) 
 
The holes generated can react with the surface hydroxyl groups on the TiO2 surface or H2O 
to produce •OH radicals as shown in equation (2.8) and (2.9) respectively [74]. 
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Ti-OH- + h+ → Ti-OH + •OH (2.8) 
H2O + h
+ → •OH + H+ (2.9) 
These photogenerated •OH radicals being highly oxidizing species can lead to complete 
mineralization of even the least reactive and highly persistent pollutants. 
The photocatalytic degradation of selenocyanate using TiO2 has been studied described in 
literature [26], [75]. Vohra et al. [75] have described the photocatalytic degradation of 
selenocyanate using TiO2 using equations ((2.10) and ((2.11). Also, Vohra [26] studying 
the degradation of selenocyanate using TiO2 assisted UV photocatalysis explains that the 
degradation of selenocyanate complex leads first to the destruction of SeCN complex with 
the selenium part being oxidized to selenite first and then finally to selenate, while the 
cyanide part of the SeCN complex is oxidized to cyanate (OCN-) as shown in equation 
(2.12). 
SeCN + 3H2O
TiO2
→   SeO3
2− + HCN + 5H+ + 4e− (2.10) 
SeO3
2− + H2O
TiO2
→   SeO4
2− + 2H+ + 2e− (2.11) 
CN− + 2h+ + 2OH−
 
→  OCN− + H2O  (2.12) 
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2.6 Removal of Selenium Species  
Jordan et al. [76] studied the sorption of selenate onto commercial TiO2 anatase phase 
varying pH and background electrolyte. The authors studied the adsorption using a dosage 
of 0.46 g/L with pH varying from 3.5-11 and initial selenate concentration fixed at 1x10-5 
M. The authors report a decrease in the removal of selenate from 70% at a pH of 3.5 to 
negligible levels at pH > 6 at an ionic strength of 0.1M NaCl after 3 days. This was 
attributed to the isoelectric point of TiO2 anatase which the authors found to be at pH 5.7. 
Thus, at higher pH than 5.7 the authors point out that the surface charge of TiO2 anatase 
would be negative (TiO-) leading to repulsion between the adsorbent and the pollutant. 
Also, the authors investigated the effect of ionic strength of the adsorption process and 
found that an increase in the ionic strength from 0.1 M to 0.01 M significantly decreased 
the adsorption which the authors mention indicates an outer-sphere complexation of 
selenate onto TiO2 anatase surface.  
Labran and Vohra [13] studied the solar photocatalytic removal of selenite, selenate and 
selenocyanate using 0.25g/L TiO2 photocatalyst and EDTA as a hole scavenger. They 
report that the removal of selenocyanate occurs stepwise. The SeCN- complex is first 
destroyed photo-catalytically and subsequently oxidised to selenite and selenate which are 
then reduced to elemental selenium. The authors report an optimum pH of 4 for a maximum 
total selenium removal of 89.48%. The study reports higher removal at higher initial 
concentrations of SeCN- which was explained due to hindrance in recombination of holes 
and electrons at higher concentration. At higher SeCN- concentrations, the destruction of 
SeCN- complex leads to higher adsorption of selenite and selenate and thus increase their 
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chance of reacting with the TiO2 conduction band electrons which results in decreased 
electron-hole pair recombination and hence higher removal. 
Manceau and Gallup [77] used cupric chloride dihydrate for the removal of selenocyanate 
by precipitation from petroleum refinery wastewater having an initial selenocyanate 
concentration of 7 ppm. The authors employed 2g/L of CuCl2.2H2O and report that the 
residual selenocyanate concentration was lowered to <0.1mg/L due to rapid precipitation 
as brown solid at a pH 9-10. 
Meng et al. [78] studied the removal of selenocyanate from artificial and oil refinery 
wastewater using elemental iron [Fe(0)]. The authors used 10 ppm Se concentration for the 
artificial wastewater while the oil refinery wastewater had an initial Se content of 5 ppm. 
The authors report removal efficiency of more than 98% for the artificial wastewater 
employing a dosage of 15g/L Fe(0) at a pH of 7 after 2 hours while for the same reaction 
conditions and time the removal from the oil refinery water was only 66% as a result of the 
competing ions in the refinery wastewater and the total removal after 8 h was ~94%. The 
authors note that the initial pH of 7.8 for the oil refinery wastewater increased to 8.3 upon 
the addition of Fe (0). The authors also report that upon controlling the pH to 6 using HCl, 
the removal rate was much faster. The removal mechanism was due to reduction of the 
selenocyanate to elemental selenium Se (0) by elemental iron.   
Studies on the removal of selenium using LDH have reported excellent removal of selenite 
and selenate [9], [11], [44], [48], [79]. The authors also report that the calcined form of 
LDH displayed higher removal efficiency of selenium than the uncalcined form [11]. 
Constantino et al. [9] report studied the removal of selenium species in competition with 
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nitrate, phosphate and sulfate. They report that the maximum selenite uptake ranged from 
494 to 563 meq/kg and maximum selenate uptake varied from 609 to 659 meq/kg with the 
presence of sulfate and phosphate showing greater influence on their removal. You et al. 
[80] report selenite adsorption capacity of 120 mg/g using MgAl LDH which is much 
higher than other adsorbents like Fe modified granular activated carbon [38] (23.81mg/g). 
Tian et al. [11] studied the removal of selenite using calcined MgAl LDH and report even 
higher removal efficiency of 179.59 mg/kg for selenite. These studies reliably demonstrate 
the superior removal of selenium species using LDH.  
2.7 Removal of Pollutants using TiO2 Modified LDH 
A brief review of important studies employing TiO2 modified LDH is presented here. Table 
2-3 summarizes some of the important works employing TiO2 modified LDH for the 
removal of pollutants.               
 
Figure 2.7 Schematic Modification of LDH with TiO2 through electrostatic attraction [36] 
 Carja et al. [81] modified ZnLDH with TiO2 and studied its photocatalytic behaviour. The 
LDH was synthesised by coprecipitation method and then calcined at 550oC and 800oC for 
10h. The modified TiO2/ZnLDH was obtained by adding 1.5 g of the calcined LDH in 0.01 
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mol/L, 250 ml solution of TiOSO4.xH2O. The modified LDH was then calcined at 800
oC. 
The photocatalytic activity of the prepared material was studied by conducting 
photodegradation experiments on phenol using 4400 mW/cm2 UV pen ray power supply. 
Their study showed that the modified TiO2/ZnLDH degraded phenol much faster, with 
85% of phenol degrading within 240 minutes as compared to only 27% for ZnLDH. 
Further, TiO2/ZnLDH showed higher degradation of phenol than TiO2 in the 2
nd and 3rd 
runs of the photocatalytic experiment and thus had a better regenerative efficiency.  
Paredes et al. [23] prepared TiO2/MgAl LDH by the modification of MgAl LDH using 
TiO2 anatase powder. The authors kneaded the two materials at different weight ratios 
namely 1:1, 1.5:1 and 2:1 (LDH:TiO2). Two different forms of MgAl LDH were 
synthesised by using coprecipitation method. In one of the two MgAl LDH, 
acetylacetonate-ethoxide was used as the interlayer anion while the other form was 
intercalated with nitrate anion. Their study showed that the combination of MgAl and TiO2 
produced a synergistic effect which resulted in higher production of the •OH radical and 
hence the modified material displayed higher photocatalytic activity towards the 
degradation of phenol and resulted in 93% removal after 8hours irradiation using 8 W UV 
lamp. Among the two different forms of LDH used in modification, nitrate intercalation 
showed higher degradation, as noted by the authors, because of the inhibition of phenol by 
acetylacetonate-ethoxide interlayer ion resulting lower adsorption of phenol on the LDH. 
Also, the authors report that the 1:1 weight ratio displayed the best removal efficiency than 
the rest. They attributed the fact to the shielding of TiO2 from UV rays by LDH at higher 
weight ratios. The authors further noted that the degradation of phenol using TiO2 alone 
and acetylacetonate-ethoxide intercalated form started after 2 hours whereas for the nitrate 
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form LDH, the degradation was immediate, This was explained by the slow generation of 
.OH radicals as a result of the low intensity of UV lamp resulting in delayed formation of 
.OH radicals and hindrance in phenol adsorption into the LDH due the presence of 
acetylacetonate-ethoxide. Better access to OH groups and easier adsorption of phenol in 
the nitrate modified TiO2/MgAl LDH matrix resulted in faster generation of •OH radicals.  
Huang et al. [82] studied the photodegradation of DMP using TiO2 modified MgAl LDH 
at 6 different ratios of LDH:TiO2 (4:1, 4:2, 4:3, 2:4, 3:4, 4:4) which were then intercalated 
with SDS anion. Among the different weight ratios studied, 4:4 ratio showed the highest 
removal efficiency after 8 hours. The authors note that the SDS-LDH/TiO2 composites 
efficiently combined the adsorption of DMP onto SDS-LDH with the photocatalytic 
degradation by TiO2 resulting in more than 90% removal after 8 hours of irradiation using 
8 W UV lamp. Moreover, the authors introduced the used modified matrix from the 
previous runs, after regeneration, into fresh DMP solution and report satisfactory removal 
efficiencies (>90%) with only slight decrease in the catalytic rate.  
Seftel et al. [24] studied the removal of MB and phenol using different divalent and 
trivalent metal ions (ZnAl, CuZnAl, ZnFe and CuZnFeTi) in the LDH matrix. The authors 
modified each of the prepared LDH with 25wt% TiO2. The photocatalytic study was 
carried out using 100W Hg lamp for 5hours. The results showed superior removal of phenol 
by TiO2/ZnFe LDH as compared to the rest. Also, both the ZnFe LDH and TiO2/ZnFe had 
higher surface than rest of the adsorbents as a result of the presence of Fe3+ in the LDH 
matrix leading to microporous structure of the modified adsorbents. The photocatalytic 
degradation tests were carried out at pH 6 and pH 10. The removal of both the contaminants 
i.e., phenol and MB were enhanced at higher pH. The higher removal of phenol at pH 10 
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was due to formation of phenoxy radical leading to the rapid formation of primary 
intermediary product hydroquinone. The higher removal of MB resulted from the enhanced 
electrostatic interactions between TiO2, which is negatively charged in basic media, and 
the cationic dye. The TiO2/MgFe-LDH showed more than 90% removal for both the 
pollutants after 5hours of irradiation. 
Min-Jeong Suh et al. [36] studied the adsorptive and photocatalytic removal of methyl 
orange and 2,4-dichlorophenoxyacetic acid using TiO2 modified LDH. TiO2 was used to 
modify CO3 and NO3-LDH, but it was observed that the higher affinity of LDH towards 
CO3
2- prevented the TiO2 particles from entering the interlayer space of LDH and were 
present only on the surface of the CO3-LDH. Upon using NO3-LDH and delaminating the 
LDH layers in formamide solution and using surface fluorinated TiO2 particles, the authors 
reported successful impregnation of the TiO2 particles in the interlayer region. The authors 
report an increase of 16.0 and 76.7 times in the removal of MO and DPA respectively using 
the modified adsorbent. Furthermore, the authors used photodegradation for destroying the 
adsorbed organic ions and to free or regenerate the adsorption sites. The authors report that 
separate adsorption and photo-degradation steps displayed higher regeneration of 92% than 
simultaneous adsorption and photo-degradation (60%).   
Based on the above cited literature, it is proposed that the combined TiO2/LDH systems 
can be effective for selenocyanate removal without any additional requirement (e.g. hole 
scavenger). The proposed approach is shown in Figure 2.8. As reported earlier, the 
photocatalytic degradation of selenocyanate leads to the formation of selenite and selenate 
and since LDH has high affinity for these oxidised species, TiO2/LDH can act as a one stop 
solution for selenocyanate removal. This work has not been done to date, to the best of our 
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knowledge, and hence this research will study this subject in detail and explore the 
mechanisms involved. Further, this study will also try to optimize the process variables in 
order to maximize the removal efficiency. 
 
Figure 2.8 Proposed novel approach for the uptake of selenocyanate using TiO2-MgAl-LDH PCD 
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Adsorbent Method 
of LDH 
synthesis 
LDH 
Calcina
tion 
Photocatalys
t Used/Type 
Amount/Ratio 
of LDH/TiO2 in 
modification 
Method of 
Modification 
LDH-TiO2 
Calcination
/drying 
Conta
minant 
Adsorbe
nt 
Dosage 
Removal 
%age/ Ads 
Capacity 
Notes Refer
rence 
TiO2/LDH(M
gAl, MgZnAl) 
Coprecip
itation 
with 
TiO2 
500oC 
for 
4hrs 
P25 Degussa 
(70% 
anatase 30% 
rutile) 
0.00255mol Ti 
in 100ml 
solution of 
NaOH(2.45M) 
Na2CO3(1.23M) 
Coprecipitation of 
LDH in 0.0255mol Ti 
alkaline solution. 
Stirred for 140min at 
room temp then 
placed in oven 
@60oC for 18h and 
washed 
80oC for 
16h 
Phenol 1g/L 
(300mg 
in 
300mL) 
100% for 
TiO2/MgZn
Al-5 at 
360min 
Zn:Mg ratio varied from 
1-15%. 
5% gave 100% removal 
[22] 
 
 
TiO2/LDH(Zn
Al, CuZnAl, 
ZnFe and 
CuZnFeTi) 
Coprecip
itation 
*** TiO2 anatase 
synthesised 
from 
titanium 
tetra-
isopropoxide 
25wt% TiO2 Suspended TiO2 in 1g 
LDH suspension. 
Stirred for 48hrs at 
room temp and 
washed 
Dried in 
ambient 
conditions 
Phenol 
and 
MB 
1g/L Phenol 90%  
MB >95% 
within 5hrs 
@ pH10. 
TiO2/Zn-Fe LDH 
showed best removal 
efficiency 
[24] 
MgAl-TiO2 Sol-gel 
followed 
by 
Ultrasou
nd 
Irradiatio
n for 10, 
20 and 
30min 
500oC 
for 
18hrs 
TiO2 (99% 
anatase) 
LDH:TiO2 @ 
1:1, 1.5:1 and 
2:1 ratios 
Kneading TiO2 with 
Uncal-LDH & Cal-
LDH   
    *** Phenol 1g/L 93% 
degradation 
with 1:1 
ratio @ 8 hrs 
• Cal-LDH showed reduced 
surface area 
• For 1.5:1 and 2:1 the 
phenol degradation 
decreased to lower than 
TiO2 alone due to 
shielding of TiO2 from 
UV by LDH or covering 
of TiO2 resulting in 
reduced access of OH 
groups to TiO2 
[23] 
MgAl-VB9-
TiO2 
Coprecip
itation 
*** TiO2 
NP(anatase 
78.8% and 
rutile 21.2%) 
100 mg TiO2 
and 100 mg 
LDH-VB9 
Ultrasonicated 
(15min) TiO2 and 
LDH-VB9 5ml 
suspensions were 
mixed and sonicated 
for 30min at low 
temp in presence of 
ice slices and filtered   
 
Room temp 
for 24hrs 
MB 1g/L 
(100mg 
in 
100mL) 
100% @ 
450min 
Degradation was higher 
than plain TiO2 at same 
time 
[25] 
Table 2-3 Summary for modification of LDH with TiO2 
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ZnAl-TiO2 Coprecip
itation 
550oC 
& 
800oC 
for 10 
hrs 
TiOSO4 
solution 
(250ml 
0.01mol/L) 
1.5 g LDH  Mixed Calc- LDH in 
TiOSO4 solution 
Calcined@ 
800oC 
Phenol 2g/L 85% (only 
27% for 
ZnAl @ 
240min) 
LDH-TiO2 showed 
superior degradation than 
TiO2 alone 
[81] 
MgAl/TiO2/S
DS 
Coprecip
itation 
with 
autoclave 
hydrothe
rmal 
treatment 
*** TiO2 
nanoparticle
s anatase 
LDH:TiO2 
4:1, 4:2, 4:3, 
4:4, 3:4, 2:4 
1 g/L suspension of 
nano TiO2 added 
dropwise to 1g/L 
suspension of LDH. 
Stirred @ 350C for 
48hrs then water 
bathed @ 600C for 
24hrs and washed 
Dried @ 
600C 
DMP 0.4g in 
200ml 
(2g/L) 
>90% (8h) TiO2-LDH was modified 
with SDS for removing 
DMP 
[82] 
ZnAl/TiO2/Ce
ment mortar 
Coprecip
itation 
5000C 
for 
5hrs 
3 mass% 
TiO2 
suspension 
*** Calcined LDH 
introduced to TiO2 
suspension. 
Obtained 1g was 
stirred in 100ml 
water @300rpm for 
1hr and then 
ultrasonicated for 
30min 
*** Rhoda
mine-B 
*** 10% TiO2/LDH coated on 
mortar substrates 
[83] 
MgAl/TiO2 Urea 
Hydrothe
rmal in 
autoclave 
with 
TiO2 
*** Degussa P25 0.09g TiO2  .09g TiO2 dispersed 
in 1.2g MgNO3 and 
0.88g AlNO3. 
Hydrothermally 
treated in autoclave 
for 24hrs 
@90,120,140 & 
270oC 
Suspension 
cooled at 
room 
temperatur
e, washed 
and dried 
at 80oC 
MO 
and 
DPA 
0.1mg in 
100mL 
105.36mg/g 
for MO and 
28.38mg/g 
for DPA 
Surface fluorination of 
TiO2 for robust binding 
with LDH layers 
[36] 
 
 
Continued Table 1… 
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CHAPTER 3  
OBJECTIVES 
Specific objectives studied in this research work are as follows 
1. Investigation of the competitive adsorption of selenocyanate onto MgAl LDH in 
the presence of selenite and selenate.  
2. Investigation of the photocatalytic degradation of selenocyanate using TiO2 
modified LDH energized by the UV lamp. 
3. Optimization of the photocatalytic degradation process using different TiO2:LDH 
ratios, dosage and SeCN concentrations. 
4. Examination of the reaction intermediates produced and explore the selenium 
uptake mechanism. 
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CHAPTER 4  
RESEARCH METHODOLOGY 
4.1 Materials 
Highly pure (>95%) reagent-grade quality chemicals were used throughout the entire work 
without further purification. The main chemicals used included aluminum nitrate 
nanohydrate and magnesium nitrate hexahydrate (Sigma Aldrich Co Germany), TiO2 
powder (DEGUSSA P25 Germany), potassium selenocyanate (Aldrich USA), potassium 
selenate (Aldrich USA), sodium selenite (Aldrich USA) etc. Deionized water was used 
throughout the experiment. The instruments to be used include standard pH electrode-
meter, magnetic stirrer, 0.2um filter papers, furnace, Ion Chromatograph (Metrohm, 
Switzerland), shaker, centrifuge etc. Pyrex based glassware used during the study were 
washed with acid first, then DI water and finally dried before use. The analytical 
instruments were calibrated before use. The UV reactor used for the photocatalytic 
experiments was a Pyrex-glass batch type reactor having 7 cm diameter and 30 cm length 
as shown in Figure 4.1.  
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4.2 Methods 
4.2.1 MgAl LDH Synthesis 
MgAl LDH was prepared by coprecipitation method as described in the literature [84]. 
Desired amount LDH was prepared by taking magnesium nitrate hexahydrate and 
aluminum nitrate nanohydrate in the molar ratio of 3:1 (M2+:M3+) and dissolving them in 
50ml of distilled water, after which the mixture was placed on the magnetic stirrer and 
stirred for about 15 min at 600 rpm in an oil bath at 60°C . Then the pH of the solution was 
adjusted subsequently to 10+0.5 by dropwise addition of NaOH (1M) at the same stirrer 
speed and temperature. After raising the pH, the temperature was increased to 90°C and 
the speed of the magnetic stirrer was increased to 900 rpm. The reaction was refluxed for 
24 hours afterwards and kept for aging at 80°C  for 4 days in order to allow sufficient time 
for OH- consumption [85], [86]. The obtained suspension was then centrifuged and washed 
 
Figure 4.1 UV Reactor Setup 
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with DI water and ethanol to remove impurities. The obtained slurry was then dried in an 
oven at 80°C for 24-48 h, crushed to powder and stored in inert glass containers. 
4.2.2 TiO2 Modified LDH preparation 
The modification of LDH with TiO2 was carried out according to the method used by Seftel 
et al [24]. Briefly, 10g/L well mixed suspension of LDH was added slowly to 10 g/L well 
mixed suspension of Degussa P25 TiO2 particles according to the desired ratio 
(1.5:1,1:1,0.5:1). The mixture was vigorously stirred at room temperature for 48 hrs. The 
obtained solid mass was centrifuged and dried at 80oC. Finally, the dried mass was crushed 
to powder and stored in inert glass containers. Afterwards, the modified form was calcined 
at 250°C for 5 hours. The amounts of LDH and TiO2 used for modification are shown in 
Table 4-1. 
Table 4-1 Amount of LDH and TiO2 used for modification 
Ratio (LDH:TiO2) LDH used (g) TiO2 used (g) 
0.5:1 3.2 6.4 
1:1 4.6 4.6 
1.5:1 5.5 3.67 
 
4.2.3 PCD and Adsorption Experiments 
For UV-lamp photocatalytic degradation and adsorption experiments, 1000 ppm stock 
solution of selenocyanate was prepared using potassium selenocyanate. Similarly, stock 
solutions was also prepared for selenate and selenite for use as standards in the IC analysis. 
1.1 L synthetic wastewater of desired concentration was prepared by dilution of the 1000 
ppm stock solution before each experiment from which 100 mL was taken out as blank 
before adding TiO2-LDH for photocatalysis or LDH for adsorption. Afterwards, the 
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solution was transferred to the reactor and the desired quantity of the adsorbent was then 
added to the system. The reactor was placed on a magnetic stirrer and the suspension was 
stirred at a constant speed throughout the experiment. A blank was taken immediately 
before the addition of the adsorbent. The sample was then kept for 30 min in the dark at 
900 rpm before switching on the UV lamp. A sample was taken immediately before 
switching on the UV lamp and then samples were taken at the desired time intervals (5-
360 min) which were then filtered using 0.2 um filter papers. The pH was measured before 
adding the adsorbent, 30 min after the addition of adsorbent and after 360 min. For initial 
pH adjustments either HCl or NaOH was used. The UV reactor was covered with aluminum 
foil through the experiment so that the setup would not be affected by external light sources. 
The adsorption experiments were carried out in suitable cylindrical flasks filled with 110 
ml of the sample, duly covered with aluminum foil and placed on the shaker for 6 days. 
Samples were taken before the addition of the adsorbent and after 6 days. Similarly, the 
pH was measured before the addition for adsorbent and at 6 days.  
The samples were analyzed using Ion Chromatograph (Metrohm, Switzerland) equipped 
with conductivity detector. The eluent used in the IC analysis was prepared by dissolving 
2 mM NaHCO3 and 1.3 mM Na2CO3 in 2000 ml DI water.  
4.2.4 Response Surface Methodology (RSM) 
The experiments carried in this research work where done according to RSM based 
statistical technique. The RSM is a statistical technique used for developing, improving 
and optimizing experimental processes. The RSM techniques allows for the designing of 
experiments whereby maximum information can be obtained using minimum amount of 
33 
 
resources. This helps to save both time and resources without compromising the results 
[75]. In this work, the Face-Centered design from central composite design (CCD) of RSM 
was used with single center point for the designing of experiments and analysis of results. 
The Face-Centered design is 3-level design and requires less experiments than the others 
which are 5-level designs. The factors considered in this study are shown in Table 4-2 and 
Table 4-3 respectively. The RSM experimental designs for the adsorption and PCD 
experiments are shown in Table 4-4 and Table 4-5 respectively along with the respective 
removal efficiencies (RE). 
Table 4-2 Factors for adsorption experiments and their levels 
Factors Level 
-1 
Level 
0 
Level 
1 
A = Calcination Temperature (OC) 0 250 500 
B = Dosage (g/L) 0.5 1 1.5 
C = SeO3 (ppm) 2.5 5 7.5 
D = SeO4 (ppm) 2.5 5 7.5 
E = SeCN (ppm) 2.5 5 7.5 
 
Table 4-3 Factors for PCD experiments and their levels 
Factors Level 
-1 
Level 
0 
Level 
1 
A = LDH:TiO2 ratio 0.5 1 1.5 
B = Dosage (g/L) 1 1.5 2 
C = SeCN (ppm) 2.5 5 7.5 
 
 
 
 
 
34 
 
 Table 4-4 RSM design for Adsorption experiments 
Exp 
no. 
Calcination 
Temperature 
(oC) 
Dosage 
(g/L) 
SeO3 
(ppm) 
SeO4 
(ppm) 
SeCN 
(ppm) 
RE 
SeO3 
(%) 
RE 
SeO4 
(%) 
RE 
SeCN 
(%) 
1 0 1 5 5 5 72.44 77.08 1.18 
2 0 0.5 7.5 2.5 2.5 63.3 66.9 5.72 
3 250 1 5 7.5 5 76.19 78.11 31.14 
4 0 0.5 7.5 7.5 7.5 48.89 48.55 0.45 
5 500 0.5 2.5 7.5 7.5 73.32 71.84 2.03 
6 0 1.5 7.5 2.5 7.5 77.71 79.3 1.44 
7 0 1.5 2.5 7.5 7.5 74.29 79.85 0.25 
8 250 1.5 5 5 5 93.87 89.94 38.04 
9 250 1 7.5 5 5 87.18 89.38 30.3 
10 250 1 5 5 2.5 89.43 84.49 39.87 
11 250 1 5 5 5 85.76 86.42 28.67 
12 500 0.5 7.5 2.5 7.5 85.31 85.31 2.18 
13 500 0.5 2.5 2.5 2.5 80.13 78.51 4.83 
14 250 1 5 5 7.5 83.94 85.33 17.26 
15 0 0.5 2.5 7.5 2.5 66.27 56.21 0.19 
16 500 1.5 7.5 2.5 2.5 83.25 91.92 4.75 
17 0 0.5 2.5 2.5 7.5 68.19 62.2 1.92 
18 0 1.5 7.5 7.5 2.5 71.04 80.1 12.5 
19 0 1.5 2.5 2.5 2.5 84.13 87.11 16.98 
20 500 1.5 2.5 2.5 7.5 95.76 99.39 8.54 
21 250 0.5 5 5 5 79.26 77.07 29.17 
22 250 1 2.5 5 5 97.85 93.18 27.88 
23 500 0.5 7.5 7.5 2.5 83.16 71.71 1.44 
24 500 1.5 2.5 7.5 2.5 76.82 85.73 4.16 
25 250 1 5 2.5 5 84.83 93.19 27.76 
26 500 1.5 7.5 7.5 7.5 86.58 81.15 7.66 
27 500 1 5 5 5 88.89 87.45 2.99 
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Table 4-5 Experimental Design for PCD experiments 
Exp no. LDH:TiO2 
Ratio 
Dosage 
(g/L) 
SeCN 
(ppm) 
Residual SeO4 
(ppm) 
RE SeO4 
(%) 
1 1 1.5 5 0.627 90.78 
2 1 2 5 0.301 95.57 
3 1 1 5 1.942 71.35 
4 1 1.5 7.5 1.861 81.75 
5 1.5 2 7.5 0.075 99.26 
6 1.5 2 2.5 0 ~100 
7 0.5 1.5 5 2.598 61.79 
8 1.5 1 7.5 0.957 90.62 
9 0.5 1 7.5 5.686 44.26 
10 1.5 1 2.5 0 ~100 
11 0.5 1 2.5 1.107 67.44 
12 1 1.5 2.5 0 ~100 
13 1.5 1.5 5 0 ~100 
14 0.5 2 7.5 3.43 54.27 
15 0.5 2 2.5 0.246 92.75 
4.2.5 Characterization Techniques 
The adsorbents were characterized used X-ray diffraction (XRD), Field Emission Scanning 
Electron Microscopy (FESEM), and Thermogravimetry Analysis (TGA). XRD 
measurements were done using Mini-X-ray Diffraction Rigaku Miniflex-II. XRD 
measurements for LDH were made for 2θ from 5o-70o at a scanning rate of 3o/minute with 
a step window of 0.03o. The measurements for TiO2 were made for 2θ from 20o-80o 
keeping rest of the conditions like that as used for LDH. FESEM analysis were done using 
Tescan Lyra-3 at an operating voltage of 20 kV. The samples for FESEM analysis were 
suspended in ethanol and then a small drop was placed on copper tape on the sample holder. 
The samples were then coated with gold in order to make the surface conductive as is 
required for the FESEM analysis. TGA measurements were done using Perkin Elmer TGA 
4000 analyser in the temperature range of 50-800°C under N2 atmosphere using a 
temperature gradient of 15°C /min.  
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CHAPTER 5  
RESULTS AND DISCUSSIONS 
5.1 Characterization Results 
5.1.1 XRD Analysis 
The XRD profiles of the synthesized uncalcined MgAl LDH is shown in Figure 5.1. The 
peaks observed at 2θ equal to 10.954, 22.26, 34.266, 38.13, 45.22, 60.239 and 61.32 are 
characteristic peaks of hydrotalcite materials having nitrate as the intercalated anion and 
have been widely reported in literature [87], [88]. The XRD profile also matched with the 
ICDD (PDF-2 Release 2018 RDB) DB card number 00-062-0584. The strong basal 
reflections, indexed as (003), (006), (009), (015), (018), and the non basal reflections 
indexed as (110), and (113), suggest that the material has a rhombohedral structure which 
has been reported for LDH compounds forming hexagonal cells [87]. The (003) reflection 
represents the degree of crystallinity of the prepared LDH and the sharpness and intensity 
of the observed peaks gives an idea about the quality of the prepared LDH. The (003) 
reflection is related to the basal spacing whereas the (006) reflection is related to interlayer 
spacing [89]. The basal spacing (d003) for the prepared MgAl-NO3 was found to be 0.807 
nm which is in conformity with the values reported for nitrate intercalated LDH [88]. Since, 
the LDH was not prepared in nitrogen atmosphere, some amount of carbonate ions are 
expected to be intercalated with nitrate anions which can be seen from the strong peak at 
around 2θ equal to 30o which is  typical of carbonate containing LDH [87], [89]. As noted 
in the XRD profile, peaks at lower angles, (003), (006) are sharp and symmetric and the 
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two peaks at higher angles, (110) and (113) are well separated which represents that the 
prepared LDH has well-crystallized layered structure. The cell parameters for the 
uncalcined MgAl-LDH are shown in Table 5-1. The values where calculated using a = 
2d110 and c = (3d003 + 6d006)/2. The parameter ‘a’ represents the average distance between 
the cations in the LDH layer and ‘c’ is equal to three times the distance between adjacent 
LDH (brucite-like) sheets. These values are in close proximity with those reported in 
literature for nitrate containing MgAl LDH [87]. These findings suggest that MgAl-NO3 
LDH was successfully synthesized having with good crystallinity. 
Table 5-1 Cell parameters for uncalcined MgAl LDH 
 Cell parameter Value (nm) 
a  0.307 
c  2.407 
d003 0.807 
 
Figure 5.2 shows the XRD profile of Degussa-P25 TiO2. The XRD profile of TiO2 showed 
that the material contains both anatase and rutile phases which have been marked on the 
graph. The peaks of anatase phase appeared at 2θ equal to 25.57, 37.56, 47.68, 53.71, 54.65, 
62.5, 69.65, 69.95 and 74.68 which matched with ICSD number 154602 whereas the rutile 
phase peaks appeared at 28.41, 54.65, 69.65, 69.95 and 74.9 which corresponded to ICSD 
number 85493. Both anatase and rutile phases have tetragonal crystal system with 
variations in the unit cell arrangement as shown in Figure 5.3 [90]. In the anatase phase the 
unite cell contains 2 Ti and 4 O atoms where as in the rutile phase the unit cell contains 4 
Ti and 4 O  atoms [90]. It is well reported in literature that the anatase phase has better 
photocatalytic activity than the rutile phase while the combination of both produces 
synergistic effects and enhances the photocatalytic activity [91]. The Degussa P25 used in 
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this study had crystal phase ratio of rutile 20-25% and anatase 75-80% and the primary size 
of particles was 30 nm [2]. 
 
Figure 5.1 XRD profile of as synthesised uncalcined MgAl-LDH matched with the database profile 
of MgAl-NO3 LDH   (ICDD (PDF-2 Release 2018 RDB) DB Card number 00-062-0584) 
 
Figure 5.2 Degussa P25 XRD profile showing anatase and rutile phases 
 
20 30 40 50 60 70 80
          0
        200
        400
        600
        800
       1000
       1200
       1400
       1600
       1800
       2000
       2200
       2400
       2600
       2800
2-theta (deg)
In
te
n
s
it
y
 (
c
p
s
)
Anatase     Rutile 
39 
 
 
Figure 5.3 Crystal Structure A) Anatase TiO2 B) Rutile TiO2 (Ti atoms in gray and O atoms in red) [90] 
 
 
Figure 5.4 XRD graphs of uncalcined and calcined LDH (number on the top refers to the calcination 
temperature in°C) 
Figure 5.4 shows the XRD graphs of the calcined and uncalcined LDH. As revealed by the 
XRD profiles, as the calcination temperature is increased the intensity of the peaks 
decreases as the calcination leads to decrease in the crystallinity and increase in the 
amorphous character [92]. Two new peaks appear in the 500oC calcined LDH at 43.1 and 
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62.7 which correspond to periclase phase (MgO) and matched with ICSD card number 00-
001-1235 which suggests a transition from the LDH phase to the mixed metal oxide phase. 
This is in conformity with what has been reported in literature elsewhere [93]. Notably, the 
MgAl LDH peaks in the 500oC calcined LDH have very small intensities which confirms 
that the calcination process led to the introduction of amorphous phases having smaller 
crystal size [94]. 
 
Figure 5.5 XRD profile of TiO2 modified LDH (1:1) compared with LDH and TiO2 
The XRD profile of TiO2 modified LDH (L:T ratio 1:1) shown in Figure 5.5 showed peaks 
of both LDH and TiO2 which suggests that the modification successfully led to the 
introduction of TiO2 into the LDH phase.  
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5.1.2 FESEM Analysis 
Figure 5.7 a-d show the FESEM images of the uncalcined and calcined samples whereas 
the Figure 5.7e shows the FESEM image of Degussa TiO2 nanoparticles. The hexagonal 
LDH crystals are clearly visible in the FESEM images Figure 5.7 a-c. Figure 5.7a reveals 
that the LDH crystals were of different sizes with the some particle having size around 80 
nm , 130 nm, and 135 nm. Even smaller crystals are visible in the image. Figure 5.7c shows 
the FESEM image of 250oC calcined LDH and as noted from the XRD profiles, the 
calcination has led to decrease in the crystal size of the LDH particles. Figure 5.7d shows 
the image of 500oC LDH wherein the effect of calcination is clearly visible as the 
hexagonal LDH plates are no longer visible. As already mentioned, calcination leads to 
collapse of the LDH structure and decrease in the crystal size [94]. Figure 5.6 and Table 
5-2 show the EDX spectra and the corresponding elemental composition of uncalcined Mg-
Al LDH. As noted, the Mg:Al ratio of the as prepared LDH was 3.4 which is very close to 
the desired value of 3 and indicates successful replacement of Mg atoms by Al in brucite 
structure. The presence of C in the MgAl LDH results from the incorporation of CO3
2- ion 
into the LDH interlayer space as LDH materials have high affinity for CO3
2- ion [55]. Based 
on the EDX analysis, the approximate formula for the as synthesized LDH can be written 
as {[Mg0.77Al0.23(OH)2]
0.23+(NO3
-)0.066(CO3
2-)0.082.xH2O}. Figure 5.7e shows the FESEM 
image of Degussa P25 TiO2 nanoparticles. The morphology is similar to that reported in 
literature [95], [96]. The nanoparticles appear as agglomerated spheres in the FESEM 
image. The size of the individual particles appears to be less than 40 nm which is in 
confirmation with the 30 nm primary particle size of the Degussa P25 TiO2 used in this 
study. 
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Figure 5.6 EDX spectra of Uncalcined LDH 
 
Table 5-2 EDX elemental composition of Uncalcined LDH 
Element Weight% Atomic% Mg/Al Ratio 
C 5.56 7.89 - 
N 5.27 6.42 - 
O 64.57 68.84 - 
Mg 18.55 13.01 
3.4 
Al 6.05 3.82 
    
Totals 100.00   
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Figure 5.7 FESEM images of a) Uncalcined MgAl-LDH b) Uncalcined MgAl-LDH showing size of LDH 
plates c) Calcined at 250oC d) Calcined 500oC e) Degussa TiO2 nanoparticles. (white line in figures indicates 
the scale) 
 
200nm 200nm 
500nm 
200nm 
(a) (b) 
(c) (d) 
(e) 
200nm 
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Figure 5.8 a-e show the FESEM images of calcined TiO2 modified LDH having different 
LDH:TiO2 ratio. Both the hexagonal LDH plates and spherical TiO2 nanoparticles can be 
seen in the images. The images appear similar to each other and the only difference that 
appears in the images is that the amount of spherical TiO2 nanoparticles decrease from ‘a’ 
to ‘e’. This is also depicted in the EDX results of the samples which are summarized in 
Table 5-3. As noted, the TiO2 amount decreases and the LDH amount increases as the 
LDH:TiO2 ratio is increased with the ratios being close to the initial mix ratios. These 
results point to the successful introduction of TiO2 into the LDH matrix. 
Table 5-3 Amount of TiO2 in uncalcined TiO2 modified LDH from EDX analysis 
LDH:TiO2 Ratio  TiO2 (Weight %) LDH (Weight %) Actual LDH:TiO2 
0.5 63.8 36.2 0.56 
1 49.4 50.6 1.0 
1.5 44.0 55.9 1.3 
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(a) (b) 
 
(c) 
Figure 5.8 FESEM images of Calcined TiO2 modified LDH with LDH:TiO2 ratio a) 0.5:1 b) 1:1 c) 1.5:1  
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5.1.3 TGA Analysis 
Figure 5.9 shows the TGA profiles of uncalcined, 250°C  calcined and 500°C  calcined 
MgAL LDH. The TGA curves of uncalcined and 250°C  are mainly separated into 2 stages. 
The 1st stage occurs up to a temperature of 250°C  in which adsorbed water and water 
present in the interlayer space is removed. The 2nd stage occurs after 250°C  which 
corresponds to the removal of interlayer anion, i.e. NO3
- and CO3
2- in to form of NO2 and 
CO2, and the removal of water vapor formed as result of the dehydroxylation of OH
- 
molecules present in the LDH matrix [97]–[100]. These stages are also revealed in the DTG 
curves shown in Figure 5.10. In the case of 500°C  calcined LDH, the DTG profile is 
slightly different than the other two due to the peak appearing after 400°C . This is mainly 
due to the absence of interlayer anions and interlayer water molecules which have been 
already removed due to calcination. The peak at a temperature of about 445°C  can be 
attributed to the degradation of the mixed metal oxides present in the 500°C  LDH. The 
total weight loss is reported in Table 5-4. It can be observed from the TGA profiles and 
Table 5-4, that LDH calcined at 500°C  had the least weight loss and thus was the most 
stable among the three. 
Table 5-4 Weight loss after TGA experiment 
LDH Initial Weight (mg) Final Weight (mg) Weight Loss (%) 
Uncalcined 76.8 40.4 47.4 
250 Calcined 49.3 26.7 45.9 
500 Calcined 41.8 28.1 32.7 
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Figure 5.9 TGA profile of uncalcined and calcined MgAl LDH (0 = Uncalcined, 250 = 250°C  calcined and 500 
= 500°C  calcined)  
 
 
Figure 5.10 DTG profile of uncalcined and calcined MgAl LDH (0 = Uncalcined, 250 = 250°C  calcined and 
500 = 500°C  calcined) 
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5.2 Adsorption Results 
Figure 5.11 shows the adsorption of SeCN onto 250°C MgAl-LDH at initial concentration 
of 7.5 ppm. As observed the process appears to reach equilibrium at 20 min, however, it 
was noted that samples after 30 min showed desorption of SeCN- into the solution due to 
the gradual increase in pH after the addition of adsorbent. As such the adsorption process 
was left to continue for several days until the desorption was negligible. The results are 
shown in Table 5-5. 
 
Figure 5.11 Pseudo First Order Kinetic fit for adsorption of SeCN onto 250°C  calcined MgAl-LDH ((Initial 
Concentration = 7.5 ppm SeCN); Dosage = 1 g/L; Initial pH = 7.0+0.5) 
Table 5-5 SeCN concentration variation for 6 days 
SeCN Initial 
Concentration 
(ppm) 
SeCN concentration (ppm) 
60 min 120 min 1 day 6 days 
7.5 4.24 5.62 5.65 5.88 
 
q(t) = 3.74(1 − 𝑒−0.87𝑡) 
 
Adj R2       = 0.9854 
k1              = 0.87 (min
-1) 
qe               = 3.7 mg/g 
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As can be observed from Table 5-5 the change from day 1 to 6 is small (<5%), however to 
assure that complete equilibrium is reached we allowed sufficient time for the adsorption 
process to reach equilibrium and the experiments were run for 6 days. 
The pseudo 1st order fit for adsorption of selenocyanate is also shown in Figure 5.11. The 
pseudo first order kinetic model is represented by equation (5.1) as follows: 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒
−𝑘1𝑡) (5.1) 
where qt (mg/g) is the adsorption capacity at time t (min), qe (mg/g) is the equilibrium 
adsorption capacity and k1 (min
-1) is the pseudo 1st order rate constant. The experimental 
observations fit well with the model with an adjusted R2 value of 0.98536 and the model 
parameters are shown in the same figure. Further details about the modelling are described 
in section 5.2.6. 
5.2.1 pH Variation 
The pH measurements were taken before and after 6 days of the addition of the LDH to 
pollutant mixture. The initial pH values were found to be around 7.5+0.5. The final pH 
values for the uncalcined and 250ºC calcined LDH were noted to be around 8+0.5, whereas 
for 500°C calcined LDH the pH values were around 9.5+1 with the higher dosage of LDH 
leading to higher final pH values. This rise in pH is due to the basic nature of the layered 
double hydroxides due to the presence of hydroxide groups both on the surface as well as 
the interlayer space [40], [41]. The higher pH of the 500°C LDH is due to the enhanced 
basic property resulting from the presence of O2- basic sites [43] in the calcined LDH. 
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5.2.2 Selenite Removal 
5.2.2.1 Model Analysis 
Table 5-6 shows the ANOVA table for the selenite removal model. The model chosen was 
logarithmic model for getting better R2 values. The model suggests that all the main factors 
except SeCN concentration had significant effect on the selenite removal efficiency. 
Table 5-6 ANOVA for logarithmic reduced quadratic model for selenite removal 
Source Sum of Squares df Mean Square F-value p-value 
 
Model 0.5424 13 0.0417 50.22 < 0.0001 significant 
A-Temp 0.1656 1 0.1656 199.30 < 0.0001 
 
B-Dosage 0.0958 1 0.0958 115.28 < 0.0001 
 
C-SeO3 0.0112 1 0.0112 13.54 0.0028 
 
D-SeO4 0.0454 1 0.0454 54.64 < 0.0001 
 
E-SeCN 0.0010 1 0.0010 1.16 0.3020 
 
AB 0.0274 1 0.0274 33.01 < 0.0001 
 
AC 0.0281 1 0.0281 33.86 < 0.0001 
 
AE 0.0133 1 0.0133 15.97 0.0015 
 
BE 0.0168 1 0.0168 20.19 0.0006 
 
DE 0.0134 1 0.0134 16.16 0.0015 
 
A² 0.0258 1 0.0258 31.00 < 0.0001 
 
C² 0.0056 1 0.0056 6.74 0.0222 
 
D² 0.0248 1 0.0248 29.81 0.0001 
 
Residual 0.0108 13 0.0008 
   
Cor Total 0.5532 26 
    
 
Model for selenite removal is shown in equation (5.2). The fit statistics are shown in Table 
5-7. The model has a R2 value of 0.9805 and predicted R2 of 0.8933 which reflects that the 
model describes 98.05% of the results with a high degree of prediction accuracy. 
Ln(SeO3) = 4.17054 + 0.000916266 * Temp + 0.0991807 * Dosage + -0.0983274 
* SeO3 + 0.153553 * SeO4 + -0.0171669 * SeCN + -0.000331194 * Temp * 
Dosage + 6.70871e-05 * Temp * SeO3 + 4.60707e-05 * Temp * SeCN + 
0.0258999 * Dosage * SeCN + -0.00463432 * SeO4 * SeCN + -1.53446e-06 * 
Temp2 + 0.00715563 * SeO3
2 + -0.0150469 * SeO4
2 
(5.2)  
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Table 5-7 Fit Statistics for selenite removal 
R² 0.9805 
Adjusted R² 0.9610 
Predicted R² 0.8933 
Adeq Precision 32.2047 
 
 
Figure 5.12 Predicted vs Actual variation for selenite removal logarithmic reduced quadratic 
model in terms of selenite removal efficiency (%) 
 
Figure 5.12 shows the relation between model predictions and the actual responses. As 
already noted, the model predictions closely match with the experimental results. 
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5.2.2.2 Effect of factors on selenite removal 
The maximum selenite removal efficiency was noted to be 97.85%. The effect dosage and 
calcination temperature on the selenite removal efficiency is shown in Figure 5.13 and 
Figure 5.14a and Figure 5.14b. The selenite removal efficiency increases with an increase 
in the LDH dosage and the calcination temperature. The increase in removal efficiency due 
to the increase in dosage is mainly due to the availability of higher anion exchange sites 
whereas the increase in calcination temperature opens up the anion exchange sites in the 
LDH by removing the intercalated anion and transforming the matrix into mixed metal 
oxide which when introduced into the target pollutant can adsorb higher amounts of 
selenite. 
 
Figure 5.13 Response surface showing variation of selenite removal efficiency (RE SeO3 (%)) with adsorbent 
dosage (g/L) and calcination temperature (oC) 
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(a) (b) 
     
(c) (d) 
   
(e) 
Figure 5.14 Effect of (a) Calcination temperature (b) Adsorbent Dosage (c) Selenite Concentration 
(d) Selenate concentration and (e) Selenocyanate concentration on the removal efficiency (RE) of 
selenite (%).  
Removal %age vs SeO3 conc. 
Removal %age vs SeCN conc. 
Removal %age vs LDH Dosage 
Removal %age vs SeO4 conc. 
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Figure 5.14c shows that at higher selenite concentrations, the selenite removal efficiency 
decreases for the uncalcined LDH while the removal efficiency is fairly constant for the 
500°C  calcined LDH for same dosage of the adsorbent. The decrease is due to the limited 
anion exchange sites present on the uncalcined LDH matrix. At higher selenite 
concentrations, once the anion exchange sites have been occupied by the pollutant, a further 
increase in the concentration decreases the removal efficiency. The decrease is not 
substantial as the removal efficiency at higher concentration is still above 70% suggesting 
that the material has good anion exchange capacity. For the 500°C  calcined LDH, the 
process of calcination has substantially increased the anion exchange capacity and as such 
the increase in selenite concentration does not affect the removal efficiency. Figure 5.14d 
reveals an increase in the selenate concentration from 2.5 ppm to 5 ppm has negligible 
effect on selenite removal whereas upon increasing the selenate concentration from 5 ppm 
to 7.5 ppm, selenite removal efficiency decreases from 95% to about 80% for the 500°C  
calcined LDH. This suggests that selenate molecules compete with selenite for the anion 
exchange sites. Figure 5.14e shows the effect of selenocyanate concentration on the 
selenite removal efficiency. As suggested by the ANOVA analysis, the selenocyanate 
concentration does not significantly affect the selenite removal efficiency, although a small 
decrease is suggested by Figure 5.14e for the uncalcined LDH. The results reveal that while 
higher selenate concentrations decrease the removal efficiency, selenocyanate 
concentrations have negligible impact on the removal efficiency. This suggest that the LDH 
matrix has lesser affinity for selenocyanate than the other two. This can be attribute to the 
charge density of the three pollutants. While selenite and selenate molecules have a charge 
of -2, selenocyanate has a charge of only -1 and thus cannot compete with the other two 
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for the anion exchange sites. Also, as shown in Table 5-8, the structural differences in 
selenocyanate and the other two makes it less competitive. Due to its rod-like structure 
with only single charge, it is less likely to be preferred over the other two as the rod-like 
structure will be less stable inside the LDH matrix. The structures of other two pollutants 
have more sites which can bind with the anion exchange sites in the LDH matrix and hence 
are preferred over selenocyanate. 
Table 5-8 Structural description of selenite, selenate and selenocyanate 
Schematic Compound Structure description 
 
 
Selenite Trigonal pyramidal 
 
 
Selenate Tetrahedral 
 
 
Selenocyanate Rod-like 
*Information taken from ChemSpider and PubChem 
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5.2.3 Selenate Removal 
5.2.3.1 Model Analysis 
Table 5-9 shows the ANOVA table for the selenate removal model. The model chosen was 
a reduced quadratic model based on R2 value. The model suggests that all the main factors 
except SeO3
2- and SeCN concentration had significant effect on the selenate removal 
efficiency 
Table 5-9 ANOVA for reduced quadratic model for selenate removal 
Source Sum of Squares df Mean Square F-value p-value 
 
Model 3319.30 9 368.81 32.72 < 0.0001 significant 
A-Temp 743.82 1 743.82 65.98 < 0.0001 
 
B-Dosage 1355.30 1 1355.30 120.22 < 0.0001 
 
C-SeO3 21.56 1 21.56 1.91 0.1846 
 
D-SeO4 455.82 1 455.82 40.43 < 0.0001 
 
E-SeCN 5.29 1 5.29 0.4694 0.5025 
 
AB 108.58 1 108.58 9.63 0.0065 
 
AE 57.15 1 57.15 5.07 0.0379 
 
A² 118.39 1 118.39 10.50 0.0048 
 
B² 74.25 1 74.25 6.59 0.0200 
 
Residual 191.64 17 11.27 
   
Cor Total 3510.94 26 
    
 
Model for selenate removal is shown in equation (5.3). The fit statistics are shown in Table 
5-10. The model has a R2 value of 0.9454 and predicted R2 of 0.8529 which reflects that 
the model describes 94.54% of the results with a high degree of prediction accuracy. 
RE SeO4 = 50.681 + 0.0791107 x Temp + 60.3218 x Dosage + -0.437778 x SeO3 
+ -2.01289 * SeO4 + -0.972889 x SeCN - 0.02084 x Temp x Dosage + 0.003024 
x Temp x SeCN + -9.53547e-05 x Temp2 - 18.8787 * Dosage2  
(5.3) 
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Table 5-10 Fit Statistics for selenate removal 
 
 
  
 
Figure 5.15 Predicted vs Actual variation for selenate removal reduced quadratic model in terms of 
selenate removal efficiency (%) 
 
Figure 5.15 shows the relation between model predictions and the actual responses. As 
already noted, the model predictions closely match with the experimental results. 
 
R² 0.9454 
Adjusted R² 0.9165 
Predicted R² 0.8529 
Adeq Precision 22.6319 
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5.2.3.2 Effect of factors on selenate removal 
The maximum selenate removal efficiency was noted to be 99.39%. Figure 5.16 and Figure 
5.17 depict the variation of selenate removal efficiency with the factors studied. Figure 
5.16 shows the variation with adsorbent dosage and calcination temperature. As was the 
case with selenite removal efficiency, the selenate removal efficiency also increases with 
increase in the calcination temperature and adsorbent dosage. The increase in removal 
efficiency due to the increase in dosage is mainly due to the availability of higher anion 
exchange sites whereas the increase in calcination temperature opens up the anion 
exchange sites in the LDH by removing the intercalated anion and transforming the matrix 
into mixed metal oxide which when introduced into the target pollutant can adsorb higher 
amounts of selenate. 
 
Figure 5.16 Response surface showing variation of selenate removal efficiency (RE SeO4 (%)) with adsorbent 
dosage (g/L) and calcination temperature (oC) 
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Figure 5.17c shows the influence of selenate concentration on the selenate removal 
efficiency. The selenate removal efficiency decreases with increasing selenate 
concentration, like selenite removal efficiency. This is due to the limited anion exchange 
sites present on the LDH matrix. At higher selenate concentrations, once the anion 
exchange sites have been occupied by the pollutant, a further increase in the concentration 
decreases the removal efficiency. The decrease is not substantial as the removal efficiency 
at higher concentration is still above 85% suggesting that the material still has good anion 
exchange capacity. Figure 5.17d and Figure 5.17e depicts the effect of selenite and 
selenocyanate concentrations on selenate removal efficiency. As already noted in the 
ANOVA table, increase in the selenite and selenocyanate does not have any effect on the 
selenate removal efficiency. The lower competitiveness of SeCN, as already stated is due 
to its rod-like structure. 
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(a) (b) 
 
 
(c) (d) 
 
(e) 
Figure 5.17 Effect of (a) Calcination temperature (b) Adsorbent Dosage (c) Selenate Concentration (d) 
Selenite concentration and (e) Selenocyanate concentration on the removal efficiency (RE) of selenate (%). 
Removal %age vs LDH Dosage 
Removal %age vs Temperature 
Removal %age vs SeO4 conc. 
Removal %age vs SeO3 conc. 
Removal %age vs SeCN conc. 
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5.2.4 Selenocyanate Removal 
5.2.4.1 Model Analysis 
Table 5-11 the ANOVA table for the selenocyanate removal model. The model chosen was 
a reduced quadratic model based on R2 value. The model suggests that all the main factors 
except SeO3
2- and SeO4
2- concentrations had a significant effect on the selenocyanate 
removal efficiency. 
Table 5-11 ANOVA for reduced quadratic model for Selenocyanate removal 
Source Sum of Squares df Mean Square F-value p-value 
 
Model 4352.13 8 544.02 36.07 < 0.0001 significant 
A-Temp 0.2335 1 0.2335 0.0155 0.9024 
 
B-Dosage 119.56 1 119.56 7.93 0.0115 
 
C-SeO3 0.0064 1 0.0064 0.0004 0.9838 
 
D-SeO4 11.36 1 11.36 0.7531 0.3969 
 
E-SeCN 131.81 1 131.81 8.74 0.0085 
 
AE 83.54 1 83.54 5.54 0.0302 
 
CD 70.56 1 70.56 4.68 0.0443 
 
A² 3935.06 1 3935.06 260.87 < 0.0001 
 
Residual 271.52 18 15.08 
   
Cor Total 4623.65 26 
    
 
Model for selenocyanate removal is shown in equation (5.4). The fit statistics are shown in 
Table 5-12. The model has a R2 value of 0.9413 and predicted R2 of 0.9152 which reflects 
that the model describes 94.13% of the results with a high degree of prediction accuracy. 
RE SeCN = 19.3689 + 0.18614 x Temp + 5.15444 x Dosage - 1.68756 x SeO3 - 
1.99778 x SeO4 - 1.99644 x SeCN + 0.003656 x Temp x SeCN + 0.336 x SeO3 
x SeO4 - 0.000409751 x Temp
2 
(5.4) 
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Table 5-12 Fit Statistics for selenocyanate removal 
R² 0.9413 
Adjusted R² 0.9152 
Predicted R² 0.8928 
Adeq Precision 15.3782 
 
 
Figure 5.18 Predicted vs Actual variation for selenocyanate removal reduced quadratic model in terms of 
selenocyanate removal efficiency (%) 
 
Figure 5.18 shows the relation between model predictions and the actual responses. As 
already noted, the model predictions closely match with the experimental results. It can 
also be observed that for all the pollutants considered in this work, the predicted R2 values 
were greater than 0.85 i.e. 0.8933, 0.8529 and 0.8928 for selenite, selenate and 
selenocyanate respectively, which indicates a high correlation with experimental results. 
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5.2.4.2 Effect of factors on selenocyanate removal 
The maximum removal efficiency for selenocyanate obtained was 39.87%. Figure 5.19 and 
Figure 5.20 depict the variation of selenocyanate removal efficiency with the factors 
studied. As noted in Figure 5.19, the variation is different as compared to the other two 
pollutants studied. The removal efficiency of selenocyanate initially increases as the 
calcination temperature increases to 250°C  and then decreases with a further increase in 
the temperature. The variation of removal efficiency of selenocyanate with adsorbent 
dosage is similar to that of the other two cases. The removal of selenocyanate increase with 
the adsorbent dosage due increase in the available adsorption sites. 
 
Figure 5.19 Response surface showing variation of selenate removal efficiency (RE SeCN (%)) with adsorbent 
dosage (g/L) and calcination temperature (oC) 
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The behaviour of removal efficiency with calcination temperature can be explained based 
on the mechanism of uptake of selenocyanate. As the structure of selenocyanate is rod-like, 
its is difficult for it to accommodate inside the LDH interlayer space, and such most of the 
removal occurs via surface adsorption. Upon calcining the LDH to 250°C , as suggested 
by the XRD analysis, the size of the LDH particles has decreased and hence the surface 
area has increased which results in increased adsorption. But, for the 500°C  calcined LDH, 
upon the introduction of LDH phase into the aqueous solution the reconstruction of LDH 
takes place and the LDH material again regains the uncalcined LDH form, which has a 
lower surface area and hence the removal of selenocyanate is less. The removal of selenite 
and selenate is mostly based on anion exchange which is enhanced upon calcining to 500°C  
and hence their removal increases. These results also suggest that MgAl LDH has lesser 
affinity for selenocyanate than the intercalated NO3
- anion as selenocyanate was unable to 
replace it in the LDH matrix. Figure 5.20c shows the variation of selenocyanate removal 
versus its concentration. The removal decreases as the selenocyanate concentration 
increases due to the limited number of adsorption sites on the surface of LDH. Furthermore, 
from Figure 5.20d and Figure 5.20e, it is observed that the removal efficiency of 
selenocyanate is not affected by the selenite and selenate, possibly due the different uptake 
mechanisms of selenocyanate and the other two as outlined previously. These results also 
match with the study conducted by Labran and Vohra [2] on the competitive removal of 
SeO3
2-, SeO4
2- and SeCN-, where in the authors note that the removal of selenite and 
selenate was not affected by the presence of SeCN-. 
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(a) (b) 
  
(c) (d) 
 
(e) 
Figure 5.20 Effect of (a) Calcination temperature (b) Adsorbent Dosage (c) Selenocyanate Concentration (d) 
Selenite concentration and (e) Selenate concentration on the removal efficiency (RE) of selenocyanate (%). 
Removal %age vs Temperature 
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5.2.5 Adsorption Isotherms 
The adsorption isotherms for the adsorption of SeO3, SeO4 and SeCN onto 250
OC calcined 
LDH are given in Figures 5.21, 5.22, and 5.23 respectively. It was found that the adsorption 
data fitted well to the Langmuir adsorption isotherm. The Langmuir adsorption isotherm 
can be represented in its linear form as shown in equation (5.5). 
𝑐𝑒𝑞
𝑞𝑒𝑞
=
1
𝑞𝑚𝑏
+
𝑐𝑒𝑞
𝑞𝑚
 
(5.5) 
Here ceq represents the respective equilibrium pollutant concentration (mg/L), qeq is the 
equilibrium adsorption capacity (mg/g), qm is the maximum adsorption capacity (mg/g) and 
b is the Langmuir constant (L/mg). The respective parameters for the Langmuir fit are 
shown in Table 5-13. It can be observed from the Langmuir fit that selenite showed the 
maximum adsorption capacity of 8 mg/g which is closely followed by selenate (7.7 mg/g) 
whereas selenocyanate had the minimum adsorption capacity (1.41 mg/g). 
Table 5-13 Langmuir Adsorption Isotherm Parameters  
Pollutant Slope Intercept R2 Maximum Adsorption 
Capacity (qm) (mg/g) 
Langmuir Constant 
(b) (L/mg) 
SeO3
2- 0.12 0.03 0.867 8 3.7 
SeO4
2- 0.13 0.07 0.935 7.7 1.8 
SeCN- 0.70 0.26 0.976 1.4 2.7 
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Figure 5.21 Linearized Langmuir fit for adsorption of SeO3 onto 250°C  calcined MgAl-LDH 
 
 
Figure 5.22 Linearized Langmuir fit for adsorption of SeO4 onto 250°C  calcined  MgAl-LDH 
 
Langmuir Fit SeO3 
R2 = 0.867 
qm = 8 mg/g 
 
 
 
Langmuir Fit SeO4 
R2 = 0.935 
qm = 7.7 mg/g 
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Figure 5.23 Linearized Langmuir fit for adsorption of SeCN onto 250°C  calcined  MgAl-LDH 
 
5.2.6 Adsorption Kinetics 
Figure 5.24 shows the adsorption vs time profile of selenite, selenate and, selenocyanate 
onto to 250°C  calcined MgAl-LDH. For the kinetic experiments, all the species were 
present at concentration of 7.5 ppm in 100 ml of aqueous solution. Among the various 
kinetic models used to describe the adsorption of pollutants onto the adsorbent, only the 
pseudo second order model showed a good fit for the adsorption of selenite and selenate 
onto 250°C  calcined MgAl-LDH, whereas the adsorption of selenocyanate was well 
described by the pseudo first order kinetic model. The adsorption capacity vs time plots  
are shown in Figure 5.25 to Figure 5.27 (Figure 5.25-5.27). The pseudo first and second 
order kinetic models are represented by equations (5.6) and (5.7) respectively as follows: 
 
Langmuir Fit SeCN 
R2 = 0.976 
qm = 1.4 mg/g 
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𝑞𝑡 = 𝑞𝑒(1 − 𝑒
−𝑘1𝑡) (5.6) 
where qt (mg/g) is the adsorption capacity at time t (min), qe (mg/g) is the equilibrium 
adsorption capacity and k1 (min
-1) is the pseudo 1st order rate constant  [101]. 
𝑞𝑡 = 
𝑘2𝑡𝑞𝑒
2
1 + 𝑘2𝑡𝑞𝑒
 
(5.7) 
where qt (mg/g) is the adsorption capacity at time t (min), qe (mg/g) is the equilibrium 
adsorption capacity and k2 (g/(mg.min)) is the pseudo 2
nd order rate constant [101]. The 
kinetic model parameters are summarized in Table 5-14. 
Table 5-14 Kinetic Model Parameters 
Pollutant Rate Constant Equilibrium 
Adsorption Capacity 
(mg/g) 
Kinetic Model Adj R2 
SeO3
2- 0.11 g/(mg.min) 6.8 Pseudo 2nd Order 0.99078 
SeO4
2- 0.15 g/(mg.min) 7.1 Pseudo 2nd Order 0.9929 
SeCN- 0.84 min-1 3.1 Pseudo 1st Order 0.98272 
The pseudo 2nd order model has been widely used in literature to describe the adsorption 
of pollutants onto solid adsorbents [102]. An important application of this model is that it 
is used to describe interaction processes between the pollutant ions and the adsorbent 
considering sharing/exchange of electrons [103]. As observed from the R2 terms in Table 
5-14, the pseudo 2nd order model fits well to the experimental data which is further 
indicative of the fact that the removal of selenite and selenate occurs via chemisorption 
and/or ion-exchange with the NO3
- ions present in the LDH interlayer. The pseudo 2nd order 
model was also used by Chubar and Szlachta [27] to describe the adsorption of selenite and 
selenate onto Mg-Al LDH wherein the authors report a rate constant value of 0.208 and 
0.186 g/(mg.min) for selenite and selenate, respectively, for initial concentration of 10 
ppm, which are close to the values noted in Table 5-14. Also, the authors point out that the 
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dominant mechanism for removal of selenite is chemisorption whereas for selenate the 
dominant removal mechanism is ion-exchange with the interlayer ion. This is evident from 
the lower k2 value of selenite (0.1124 g/(mg.min)) than selenate (0.15548 mg/(g.min)) as 
given in Table 5-14 because the chemisorption process is slower than physisorption [27]. 
Thus, these results corelate with the previous studies conducted on the removal of selenate 
and selenite using MgAl-LDH. However, the removal of selenocyanate was described by 
pseudo 1st order model (Table 5-14), which is used to describe physio-sorption processes 
[103]. In case of selenocyanate ion-exchange seems to be difficult considering its structure 
as shown Table 5-8. These findings thus suggest that the dominant removal mechanism of 
selenocyanate was through physio-sorption onto the MgAl-LDH surface. 
 
 
Figure 5.24 Adsorption Capacity vs Time for adsorption onto 250°C  calcined MgAl-LDH (Initial 
Concentration = 7.5 ppm for all the pollutants; Dosage = 1 g/L; Initial pH = 7.0+0.5) 
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Figure 5.25 Pseudo Second Order Kinetic fit for adsorption of SeO3 onto 250°C  calcined MgAl-LDH ((Initial 
Concentration = 7.5 ppm all (SeO3,SeO4,SeCN); Dosage = 1 g/L; Initial pH = 7.0+0.5) 
 
 
Figure 5.26 Pseudo Second Order Kinetic fit for adsorption of SeO4 onto 250°C  calcined MgAl-LDH ((Initial 
Concentration = 7.5 ppm all (SeO3,SeO4,SeCN); Dosage = 1 g/L; Initial pH = 7.0+0.5) 
 
 q(t) =
5.124𝑡
0.7589𝑡+1
 
 
Adj R2       = 0.99078 
k2            = 0.11 g/(mg.min) 
qe                  = 6.8 mg/g 
 q(t) =
7.747𝑡
1.0975𝑡+1
 
 
Adj R2     = 0.9929 
k2            = 0.15 g/(mg.min) 
qe                  = 7.1 mg/g 
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Figure 5.27 Pseudo First Order Kinetic fit for adsorption of SeCN onto 250°C calcined MgAl-LDH ((Initial 
Concentration = 7.5 ppm all (SeO3,SeO4,SeCN); Dosage = 1 g/L; Initial pH = 7.0+0.5) 
 
 
 
 
 
 
 
 
 
 q(t) = 3.106(1 − 𝑒−0.84𝑡) 
 
Adj R2       = 0.98272 
k1              = 0.84 (min
-1) 
qe               = 3.1 mg/g 
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5.3 PCD Experiment Results 
The results for PCD experiments are presented in terms of residual selenate concentration 
and percentage selenate removal as the PCD results in the oxidation of selenocyanate to 
selenite and finally to selenate. The modal analysis residual selenate model is presented in 
section 5.3.2, and for percentage selenate removal model in section 5.3.3. The analysis of 
the controlling factors is presented in section 5.3.4 for both residual selenate and percentage 
selenate removal model respectively. 
5.3.1 pH Variation 
The pH for the PCD study was measured at the start of the experiment (pHinitial), 30 min 
after the addition of the adsorbent (pH30min) but before the start of UV light, 6 hrs after the 
start of the UV photocatalysis and finally the next day (pH24hr). It was noted that the pH 
increased gradually upto 5 min after the addition of the TiO2 modified MgAl LDH after 
which the pH reached a steady value. This behavior is also reported in literature  [48] and 
is ascribed to the basic nature of LDH present in the modified TiO2:LDH matrix [43]. After 
the start of the UV photocatalysis, the process results in the formation of some weak acids 
like HCN [75], and conversion of OH- ions to OH* radicals, which results in the decrease 
of pH during the UV photocatalysis which was observed by the decrease in pH6hr values. 
The pHinitial values were around 6+0.5 for all the experiments, pH30min values were around 
9+0.5 and the pH6hr values were around 8.5+0.5. 
 
 
 
74 
 
5.3.2 PCD Model Analysis: Residual Selenate Model 
Table 5-15 shows the ANOVA table for selenocyanate removal in terms of the residual 
selenate concentration. The untransformed reduced quadratic model was the best fit model 
with only A2 being significant and the other higher order terms were insignificant. 
Table 5-15 ANOVA for Reduced Quadratic model for selenocyanate removal in terms of residual selenate 
concentration 
Source Sum of Squares df Mean Square F-value p-value 
 
Model 36.67 7 5.24 79.65 < 0.0001 significant 
A-Ratio 14.48 1 14.48 220.22 < 0.0001 
 
B-Dosage 3.18 1 3.18 48.36 0.0002 
 
C-SeCN 11.36 1 11.36 172.65 < 0.0001 
 
AB 0.6244 1 0.6244 9.49 0.0178 
 
AC 5.66 1 5.66 86.11 < 0.0001 
 
BC 0.6481 1 0.6481 9.85 0.0164 
 
A² 0.7167 1 0.7167 10.90 0.0131 
 
Residual 0.4604 7 0.0658 
   
Cor Total 37.13 14 
    
 
The model for PCD selenocyanate removal is shown in equation (5.8) in terms of residual 
selenate. The fit statistics are shown in Table 5-16. The model has a R2 value of 0.9876 
and predicted R2 of 0.9357 which reflects that the model describes 98.76% of the results 
with a high degree of prediction accuracy. 
Residual SeO4 = 1.37180 – 4.42735 * Ratio – 1.107 * Dosage + 1.144089 * SeCN 
+ 1.1175 * Ratio * Dosage – 0.673100 * Ratio * SeCN – 0.2277 * Dosage * 
SeCN + 1.8548 * Ratio2 
(5.8) 
 
Table 5-16 Fit Statistics for selenocyanate removal in terms of residual selenate concentration  
R² 0.9876 
Adjusted R² 0.9752 
Predicted R² 0.9357 
Adeq Precision 30.8985 
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Figure 5.28 Predicted vs Actual variation for PCD selenocyanate removal model in terms of residual SeO4 
remaining 
 
Figure 5.28 shows the relation between model predictions and the actual responses. As 
already noted, the model predictions closely match with the experimental results. 
 
 
 
 
76 
 
5.3.3 PCD Model Analysis: Percentage Selenate Removal Model  
Table 5-17 shows the ANOVA results for selenocyanate removal in terms of the percentage 
selenate removal. The best fit model was a logit transformed full quadratic model. It was 
found that the inclusion of term C2 led to an increase in the Predicted R2 and better model 
predictions and hence the term was included in the model.  
Table 5-17 ANOVA for logit transformed Quadratic model for selenocyanate removal in terms of percentage 
selenate removal 
Source Sum of Squares df Mean Square F-value p-value 
 
Model 77.23 9 8.58 353.44 < 0.0001 significant 
A-Ratio 40.53 1 40.53 1669.11 < 0.0001 
 
B-Dosage 9.04 1 9.04 372.15 < 0.0001 
 
C-SeCN 16.15 1 16.15 665.19 < 0.0001 
 
AB 2.45 1 2.45 100.84 0.0002 
 
AC 4.76 1 4.76 196.11 < 0.0001 
 
BC 1.40 1 1.40 57.56 0.0006 
 
A² 0.6501 1 0.6501 26.77 0.0035 
 
B² 1.28 1 1.28 52.61 0.0008 
 
C² 0.1138 1 0.1138 4.69 0.0827 
 
Residual 0.1214 5 0.0243 
   
Cor Total 77.36 14 
    
 
The model for PCD selenocyanate removal is shown in equation (5.9) in terms of 
percentage selenate removal. The fit statistics are shown in Table 5-18. The model has a 
R2 value of 0.9984 and predicted R2 of 0.9864 which reflects that the model describes 
99.84% of the results with a high degree of prediction accuracy. 
Logit (RE SeO4) = Ln[
RE SeO4−44
102.5−RE SeO4
] = -7.98309 + 8.28202 * Ratio + 10.89976 * 
Dosage – 1.96366 * SeCN – 2.21287 * Ratio * Dosage – 0.6717193 * Ratio * 
SeCN + 0.334382 * Dosage * SeCN – 2.01123 * Ratio2 – 2.81922 * Dosage2 + 
0.033656 * SeCN2 
(5.9) 
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Table 5-18 Fit Statistics for selenocyanate removal in terms of percentage selenate removal 
R² 0.9984 
Adjusted R² 0.9956 
Predicted R² 0.9864 
Adeq Precision 41.8803 
 
 
Figure 5.29 Predicted vs Actual variation for Logit PCD selenocyanate removal model in terms of percentage 
SeO4 removal 
 
Figure 5.29 shows the relation between model predictions and the actual responses. As 
noted, the model predictions closely match with the experimental results.  
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5.3.4 Effect of Controlling Factors on Selenocyanate Removal 
The combined PCD with adsorption process led to near complete removal of selenate 
(~100%, ~0 ppm residual selenate) with the minimum removal being around 44% (5.7 ppm 
residual selenate). Figure 5.30 to Figure 5.32 show the variation of residual selenate 
concentration and Figure 5.33 to Figure 5.37 show the variation of percentage selenate 
removal with the LDH:TiO2 ratio, adsorbent dosage and initial SeCN concentration.  
Form Figure 5.30a, it is observed that the residual selenate concentration decreases with an 
increase in the adsorbent dosage and LDH:TiO2 (L:T) ratio and a complete removal is 
achieved for an L:T ratio of 1.5 and a dosage of 2 g/L for SeCN concentration of 5 ppm. 
Figure 5.31a and Figure 5.31b shows the variation of residual selenate with the initial 
selenocyanate concentration. It can be observed from these figures that the residual selenate 
concentration increases with an increase in the initial selenocyanate concentration. Also, 
we can observe that the variation of residual selenate is more pronounced at lower L:T ratio 
and lower dosage. At higher L:T ratio and higher dosage, the variation in residual selenate 
concentrations is much lower which demonstrates that the higher L:T ratio was able to 
reduce the residual selenate concentrations effectively at both high and low selenocyanate 
concentrations. Figure 5.32a to Figure 5.32c also explains the same variations on 2D 
graphs. 
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(a) 
   
(b) 
Figure 5.30 a) Response Surface for Residual Selenate (ppm) variation with LDH:TiO2 ratio and adsorbent 
dosage (g/L) b) Bar diagram for the variation of Residual Selenate (ppm) with LDH:TiO2 ratio and adsorbent 
dosage (g/L) 
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(a) 
 
(b) 
Figure 5.31 a) Response Surface for Residual Selenate (ppm) variation with LDH:TiO2 ratio and initial SeCN 
concentration (ppm) b) Response Surface for Residual Selenate (ppm) variation with adsorbent dosage (g/L) 
and initial SeCN concentration (ppm) 
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(a)  (b)  
 
(c) 
Figure 5.32 (a) Effect of LDH:TiO2 ratio on Residual Selenate (ppm) (b) Effect of adsorbent dosage (g/L) on 
Residual Selenate (ppm) (c) Effect of initial SeCN concentration (ppm) on Residual Selenate (ppm) 
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The Figure 5.33 to Figure 5.37 show the selenocyanate removal variation in terms of 
percentage selenate removal. As expected, the variation of removal efficiency with 
adsorbent dosage, L:T ratio and selenocyanate concentration is similar to that of the 
residual selenate variation. An important observation from Figure 5.36a and Figure 5.36b 
is that the variation of removal efficiency is much less at higher L:T ratio of 1.5 for same 
dosage of the adsorbent than at a lower L:T ratio of 0.5. From Figure 5.36a  we can observe 
that the removal efficiency varies from about 45% to 95% for L:T ratio of 0.5 and for L:T 
ratio of 1.5 it varies from 70% to near complete removal for a dosage of 1 g/L and 2 g/L 
respectively at an initial SeCN concentration of 5 ppm. Similarly, from Figure 5.36b we 
observe that the variation in the removal efficiency is from 48 to 90% for L:T ratio of 0.5 
and for L:T ratio of 1.5 the variation is negligible for initial SeCN concentration of 7.5 ppm 
and 2.5 ppm respectively at an adsorbent dosage of 1.5 g/L. 
 
Figure 5.33 Response Surface showing Selenocyanate removal in terms of selenate removal efficiency (%) 
variation with LDH:TiO2 ratio and adsorbent dosage (g/L) 
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Figure 5.34 Response Surface showing Selenocyanate removal in terms of selenate removal efficiency (%) 
variation with  adsorbent dosage (g/L) and initial SeCN concentration (ppm) 
 
 
Figure 5.35 Response Surface showing Selenocyanate removal in terms of selenate removal efficiency (%) 
variation with  adsorbent dosage (g/L) and initial SeCN concentration (ppm) 
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(a)  (b)  
 
(c) 
Figure 5.36 Variation of selenocyanate removal efficiency in terms of percentage selenate removal with (a) 
LDH:TiO2 ratio at different adsorbent dosage (g/L) (b) Initial SeCN concentration (ppm) at different 
LDH:TiO2 ratio (c) Adsorbent dosage (g/L) at different initial SeCN concentration (ppm) 
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(a) (b) 
 
(c) 
Figure 5.37 Variation of selenocyanate removal efficiency in terms of percentage selenate removal with (a) 
LDH:TiO2 ratio (b) Adsorbent dosage (g/L) (c) Initial SeCN concentration (ppm) (Each graph is drawn for 
middle values of other two factors) 
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5.3.5 PCD Process Mechanism 
Figure 5.39 to Figure 5.53 depict the variation in the concentration of each of the individual 
pollutants involved in the PCD process with time for each 15 experiments conducted. The 
selenite and selenate concentrations are represented in terms of percent selenium remaining 
and cyanate and cyanide in terms of percent nitrogen remaining in the solution. The black 
vertical line in the graphs indicates the start of UV photocatalysis, which was started after 
30 min of adding the adsorbent to account for any initial adsorption. The respective results 
show negligible CN- presence are shown for the first 10 experiments. As already explained 
in section 2.5, the PCD of selenocyanate results in the breakdown of  selenocyanate to 
selenium and cyanide ions with the selenium part being oxidized to selenite and then to 
selenate, whereas the cyanide part is oxidized to cyanate (OCN-). These transformations 
were visible in each of the 15 experiments conducted and are shown in the graphs in Figure 
5.39 to Figure 5.48. In all the figures, it is observed that the selenite concentration initially 
goes up to certain value and then finally disappears which is in conformation with the PCD 
process wherein all the selenite is converted to selenate. An important observation in our 
PCD experiments was that the concentration of CN- was negligibly small for all the 
experiments, with the maximum being 0.17 ppm for an initial SeCN concentration of 7.5 
ppm, L:T ratio of 1.5, and adsorbent dosage of 2 g/L as shown in Figure 5.48b. These 
results suggest that the breakdown of SeCN- to CN- and the subsequent oxidation to OCN- 
either occurred very fast in the suspension or the CN- ion was picked up by the LDH 
followed by conversion of CN- to OCN- transpiring on the surface of LDH followed by 
OCN- desorption into the aqueous phase. The trends for OCN- in all the figures show an 
initial increase to a maximum point and then a decrease in the concentration. The increase 
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in the concentration is due to the conversion of CN- to OCN- and the decrease is likely due 
to the subsequent uptake of OCN- by the LDH in the system. These findings point to the 
fact that the LDH:TiO2 matrix was able to remove the selenocyanate and the resulting 
degradation products effectively. This is further justified by experiment number 5 and 6 
wherein 2 g/L of L:T ratio of 1.5 was employed for the removal of 2.5 ppm and 7.5 ppm 
selenocyanate respectively. In experiment 6 none of the degradation products could be seen 
and in experiments 5 the concentration of the degradation products was very small. After 
noticing this in experiment 5 and to further validate these results, the pH of the system was 
increased to 12 in experiment 6, after the completion of the PCD experiments (after 24 hrs) 
and the sample was taken after 10 min of increasing the pH to 12 using 5 M NaOH. It is 
reported in literature that for pH > 10, the LDH matrix has higher affinity for OH- ions. 
The results showed that upon the increase in pH to 12, 53.5% (1.82 ppm) of adsorbed 
selenate had desorbed back into the system. These findings confirmed that the uptake by 
L:T ratio 1.5 was occurring simultaneously with the degradation of SeCN-. The effect of 
pH was further studied in experiment 10, wherein the pH was raised to 12 after 6 hrs and 
the sample were taken after 20 min from raising the pH and the next day. The results for 
both the experiments are shown in Table 5-19. The results show that 20 min after increasing 
the pH to 12, the removal efficiency decreased to 39.7% with 2.05 ppm SeO4
2- desorbing 
back into the aqueous phase while 75.88% of the selenate had desorbed back into the 
system for the sample taken next day. These results confirm the presence of SeO4
2- in the 
adsorbent and indicate that the anion exchange process is hampered substantially at pH 12 
with 75.88% the pollutant desorbing back. This is mainly due to the high affinity of LDH 
for OH- at higher pH > 10. 
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Table 5-19 Effect of pH on removal efficiency 
Exp 
no. 
Ratio 
Dosage 
(g/L) 
SeCN 
(ppm) 
Time pH 
Removal 
Efficiency 
(%) 
Desorption 
(%) 
6 1.5 2 2.5  
6 hr 9.18 ~100 - 
24 hr 8.7 ~100 
54.9  
24 hr + 10 min 12 45.1 
10 1.5 1 2.5  
6 hr 9.08 ~100 - 
6 hr + 20 min 12 41.9 58.1 
24 hr 12 27 73 
 
 
 
Figure 5.38 Effect of pH on Selenate Removal efficiency (%) ( Light brown pyramids: 1.5 ratio, 2 g/L dosage, 
2.5 ppm SeCN; Dark brown pyramids: 1.5 ratio, 1 g/L dosage, 2.5 ppm SeCN; Numbers in black on the 
pyramids are the actual removal efficiencies in %; Numbers in yellow represent the pH values at the time 
shown on bottom)   
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Figure 5.39 a) PCD profile of SeCN b) CN profile   
 
Figure 5.40 a) PCD profile of SeCN b) CN profile 
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Figure 5.41 a) PCD profile of SeCN b) CN profile 
 
Figure 5.42 a) PCD profile of SeCN b) CN profile 
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Figure 5.43 a) PCD profile of SeCN b) CN profile 
 
Figure 5.44 a) PCD profile of SeCN b) CN profile   
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Figure 5.45 a) PCD profile of SeCN b) CN profile   
 
Figure 5.46 a) PCD profile of SeCN b) CN profile   
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Figure 5.47 a) PCD profile of SeCN b) CN profile 
 
Figure 5.48 a) PCD profile of SeCN b) CN profile 
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Figure 5.49 PCD profile of SeCN 
 
Figure 5.50 PCD profile of SeCN 
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Figure 5.51 PCD profile of SeCN 
 
Figure 5.52 PCD profile of SeCN 
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Figure 5.53 PCD profile of SeCN 
 
Figure 5.54 shows the Langmuir fit for the adsorption of selenate onto MgAl-LDH during 
the photocatalysis process. As observed, the adsorption process follows Langmuir model 
with the adjusted R2 being 0.8946. Using the linearized form, the Langmuir parameters are 
shown in Table 5-20. The R2 values for Freundlich and combined Freundlich-Langmuir 
isotherms was very small and thus only the Langmuir isotherm is shown in Table 5-20. 
These findings suggest that the adsorption of selenate onto LDH was limited to monolayer 
coverage with a maximum adsorption capacity of 14.4 mg/g. 
Table 5-20 Langmuir Isotherm Model Parameters for adsorption of SeO42- onto LDH during PCD 
Slope Intercept Maximum 
Adsorption 
Capacity (qm) 
(mg/g) 
Langmuir 
Constant (b) 
(L/mg) 
Adjusted R2 
0.07 0.04 14.4 1.8 0.8946 
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Figure 5.54 Linearized Langmuir Adsorption Fit for adsorption of SeO42- onto LDH during photocatalysis  
(C = Equilibrium Selenate Concentration, Q = Equilibrium Selenate Adsorption Capacity: Plot has been 
drawn considering adsorption onto only LDH present in the TiO2-LDH matrix) 
5.3.6 PCD Model Optimization 
The goal of optimization is to determine the factor levels that optimize the desired response 
based on certain factor constraints. The factor constraints or goals are used to define the 
target one wishes to achieve i.e. the range of the factors and the response(s) required to 
maximize or minimize. It is required to define the maximum and the minimum values of 
the factors involved and the response to be optimized before the optimization process. The 
responses can be given different importance based on the experimenter’s objectives. The 
default value of importance is 3 (+++) which can be increased to 5 (+++++) for more 
important responses. The weights in the optimization technique are used to increase or 
decrease the emphasis on the response upper or lower bounds. A weight less than one will 
give less emphasis to the goal whereas a weight greater than 1 will give more emphasis to 
the goal. For optimization functions like ‘maximize’ and ‘minimize’ weights of only one 
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side of the range/bound can be changed since the target is to either maximize the response 
towards upper bound, in which case only the emphasis on the lower bound can be changed, 
or minimize the response towards lower bound, in which case only the upper bound 
emphasis can be altered. In this study, the importance was kept at the default value i.e. 3 
(+++) and the weights where kept at 1. The constraints used for the optimization are 
represented in Table 5-21. The results of the optimization process are presented in terms 
of ‘desirability’ or the overall desirability. The desirability for a term is a measure of the 
closeness of the factor/response to its ideal/intended value. The individual desirabilities are 
then combined into an overall desirability which represents the geometric mean of the 
individual desirabilities. The desirability function ranges from 0 to 1 (least to most 
desirable) [104]. 
Table 5-21 Constraints used for PCD Model Optimization 
Name Goal Lower 
Limit 
Upper 
Limit 
Lower 
Weight 
Upper 
Weight 
Importance 
A:Ratio is in range 0.5 1.5 1 1 3 
B:Dosage (g/L) is in range 1 2 1 1 3 
C:SeCN (ppm) is equal to 7.5 2.5 7.5 1 1 3 
Residual SeO4 (ppm) minimize 0 5.7 1 1 3 
SeO4 Removal maximize 44.3 100 1 1 3 
 
Table 5-22 PCD Model Optimization Results 
Number Ratio Dosage SeCN Residual 
SeO4 
SeO4 
Removal 
Desirability 
1 1.500 1.878 7.500 -0.000 99.795 0.995 
2 1.500 1.921 7.500 -0.048 99.725 0.994 
3 1.500 1.938 7.500 -0.068 99.689 0.993 
4 1.500 1.802 7.500 0.086 99.850 0.989 
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Figure 5.55 PCD optimization results showing optimum factor and response values 
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Figure 5.56 Desirability values for PCD optimization process 
 
The PCD model optimization results are shown in Table 5-22. The optimum factor values 
are shown pictorially in Figure 5.55 and the desirability values are shown in Figure 5.56. 
The combined desirability for the given set of constraints was 0.995 which is close to 1. 
The optimization process suggests that for the selenocyanate concentration of 7.5 ppm, 
near complete selenate was achieved for LDH:TiO2 ratio of 1.5 and adsorbent dosage close 
to 2 g/L. 
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CHAPTER 6   
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
This work studied the competitive adsorption of selenite, selenate and selenocyanate on to 
MgAl-NO3-LDH and the PCD of selenocyanate using TiO2 modified MgAl-NO3-LDH. 
The study was conducted using RSM methodology. For the competitive study, the effect 
of calcination temperature, adsorbent dosage and initial concentration of selenite, selenate 
and selenocyanate on the removal efficiency of selenite, selenate and selenocyanate was 
studied. The study revealed that the LDH calcined at 500°C showed the highest removal 
efficiency for selenite and selenate whereas for selenocyanate the highest removal 
efficiency was achieved for 250°C, which was attributed to the different structures of the 
pollutant molecules, with the rod-like structure of SeCN- being adsorbed on the surface of 
the LDH, while the selenite and selenate removal was mainly due to anion exchange, which 
was enhanced upon calcination of the LDH to 500°C. The adsorption removal findings for 
selenite and selenate showed near complete removal whereas the removal was around 40% 
for selenocyanate. Also, it was observed that selenocyanate did not compete with the other 
pollutants whereas the uptake of selenite was reduced at higher selenate concentrations. 
The maximum adsorption capacity was 8 mg/g for selenite, 7.7 mg/g for selenate and 1.4 
mg/g for selenocyanate suggesting that selenite was more preferred over the other two. 
Overall, the LDH displayed good removal efficiency for selenite and selenate whereas the 
removal of selenocyanate was much lower. 
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For the PCD study, the effect of LDH:TiO2 ratio, adsorbent dosage and initial 
selenocyanate concentration on the selenocyanate removal efficiency was examined in 
detail. The study demonstrated that LDH:TiO2 matrix achieved near complete removal of 
selenocyanate and the resulting degradation products from the aqueous phase. LDH:TiO2 
ratio of 1.5 achieved the highest selenate removal with the removal decreasing for the lower 
ratios. The lowest selenate removal achieved was about 44% for LDH:TiO2 ratio of 0.5. 
The effect of pH on the removal efficiency was also studied for two experiments which 
indicated that the removal efficiency decreased substantially upon increasing the pH to 12. 
This is also reported in literature, with the effect being related to the negative surface charge 
on the surface of LDH layers at high pH (pHzpc ~ 9) [105] and also the higher competition 
towards LDH adsorption sites by OH- molecules at higher pH [11]. The maximum selenate 
adsorption capacity during PCD study was noted to be 14.4 mg/g which was much higher 
than the of 7.7 mg/g value as noted for the competitive adsorption involving selenite and 
selenocyanate.  
The PCD model optimization results revealed that near complete selenate removal for 7.5 
ppm SeCN- study was noted for a LDH:TiO2 ratio of 1.5 at dosage value of around 2 g/L. 
The overall desirability obtained was 0.995 and is close to the ideal value 1. 
Both the adsorption experiments and the PCD study demonstrate the successful removal of 
selenium species from synthetic wastewater. The PCD process using TiO2 modified LDH 
matrix has the additional advantage of being capable of removing SeCN-, which showed 
low removal for the adsorption process, and as such is a promising technique in combating 
the selenocyanate contamination of wastewaters. 
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6.2 Recommendations 
To further explore the potentials of TiO2 modified LDH, it is recommended that future 
research works should be focused on the following areas: 
• Modifying LDH for visible light photocatalysis for greater practical applications 
and high energy conservation. 
• Modifying Mg:Al ratio for optimizing the adsorption of Selenocyanate onto MgAl 
LDH. 
• Examination of the effect of co-pollutants on the uptake of Selenocyanate using 
TiO2 modified LDH 
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